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ABSTRACT 
We investigate techniques based on four-level Raman-driven system, three-level 
probe absorption configuration and N-type Raman gain process lead to spatial 
measurement in one and two-dimension (1D and 2D). We start our research work 
with a four-level atomic system in diamond-configuration. The coupling of 
intermediate levels to an auxiliary level induces Raman-driven coherence in the 
system whereas atomic decay takes place from intermediate levels to ground level. 
The presence of standing-wave fields leads to a position-dependent interaction 
between atom and field which exhibits a position-dependent Rabi frequency. We 
calculate 1D conditional position probability distribution via measurement of the 
frequency of spontaneously emitted photon due to atomic decay from any of the 
intermediate levels to ground level. The role of detuning and phase corresponding to 
standing-wave is investigated for precision in spatial measurement. A spatial 
resolution of /100 with four equally probable positions could be achieved via control 
of detuning whereas a single localization peak can be obtained using slightly different 
wavelengths and phases of the two standing-wave fields. For 2D atom localization 
using the same diamond-type configuration, we consider that two standing-wave 
fields generating Raman-driven coherence are orthogonal, i.e., along x- and y- 
direction. We consider two cases; first, each standing-wave field interacts with 
different atomic transition, second, superposition of two standing-wave fields couple 
to a single atomic transition.  We obtain similar behavior of spatial resolution in 2D 
atom localization via control of the detuning and phase corresponding to the two 
standing-wave fields with slightly different wavelengths.  
Next, we consider three-level electromagnetically induced transparency (EIT)-
type atom-field configuration to determine 2D atom localization.  The EIT-type 
system is experimentally more viable because no control over spontaneous emission 
is required. We consider that the atom interacts with a weak probe field and two 
orthogonal standing-wave fields along x- and y- direction. We further consider that 
each standing-wave field is the superposition of two standing-wave fields along the 
corresponding directions. We investigate effect of the probe field detuning and phase 
associated with the standing-wave fields on 2D atom localization. Considering same 
values of the parameters as have been employed in experiments to observe EIT, we 
x 
 
obtain single position of an atom in 2D xy plane via control of the detuning and phase 
corresponding to the standing-wave fields with slightly different wavelengths.  
Finally, we suggest a scheme for 2D atom localization using manipulation of 
Raman gain process. In this proposal, we consider a four-level atomic system in N-
type atom-field configuration. We investigate role of probe field detuning and phase 
associated with the standing-wave fields for precision in spatial measurement of an 
atom in 2D plane. The suggested scheme leads to enhancement in the spatial 
resolution in measuring the position of the atom, and we notice single atom 
localization peak in the xy-plane. 
We observe that via control of detuning and phase corresponding to the fields, 
single position information in 1D and 2D is achieved using Raman-driven coherence, 
absorption spectrum and Raman-gain process.  We report that using these schemes 
spatial resolution on the order of /100 and /10 could be achieved for 1D and 2D 
atom localization, respectively. 
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CHAPTER 1
Introduction
The precise position measurement of tiny objects like an atom has been an
intriguing problem since its discovery and lot of efforts have been made till
now to address this issue. In 1927, Heisenberg proposed a thought experiment
known as Heisenberg microscope to understand uncertainty principle [1]. This
microscope if devise can be used to probe position information of an atom using
a light photon which is scattered after hitting the atom.
The precise position measurement of a single atom has some important appli-
cations in certain modern technology which are based on quantum mechanics.
These include, for example, trapping of an atom and laser cooling which re-
quire study of spatial dependence of the interaction between atom and field [2].
The atom localization can also be used in atom lithography in which the atoms
are assembled into regular nano-structures. Johnson et al. [3] first time made a
connection between lithography and atom localization by using standing-wave
(SW) fields. Bose-Einstein condensation is also one of the important applica-
tions of atom localization [4]. The interest in imaging tiny objects on atomic
scale has now become a practical problem rather than just a fundamental one.
This is also due to recent advances in certain modern applications, for exam-
ple, in life sciences. The well-known fact is that the imaging of an atom can
not be better than the Rayleigh diffraction limit [5] and to overcome this issue,
several methods have been suggested to obtain sub-Rayleigh resolution within
1
Heisenberg limit with near- and far-field imaging techniques [6].
1.1 Thesis Layout
We organize this thesis as below.
In section 1.2 of this chapter, we briefly discuss the historical background of
the atom localization based on the optical methods and review experimental
and theoretical models. In section 1.3, we give motivation and present physical
picture of our proposed 1D and 2D localization schemes.
Chapter 2 deals with atom localization in 1D and 2D using a four-level atomic
system in diamond-type configuration. We study role of detuning and phase
shift for 1D and 2D atom localization. The required atom-field configuration
is achieved by coupling intermediate levels to upper- and lower-level via SW
fields and atomic decay channels, respectively. To calculate 1D and 2D CPPD,
spontaneous emission spectrum is used. First part of this chapter describes
1D atom localization whereas second part deals with 2D atom localization via
control of two OSW fields. For 2D atom localization, we consider two cases,
i.e., first by taking two OSW fields driving two different atomic transitions and
second the superposition of the two OSW fields has been applied to a single
atomic transition.
In chapter 3, we consider a three-level Λ-type atomic system and find atom
localization in 2D via absorption spectrum. In this scheme, atom interacts with
a weak probe field and superposition of two OSW fields. We consider that each
SW field is constructed from superposition of two SW fields in the respective
directions. The effect of probe field detuning and phase shift on 2D localization
is investigated.
In chapter 4, we use four-level atomic system in N-type configuration to find
2D atom localization via RGP. In this scheme, the atom interacts with two SW
fields and a weak probe-field. We study the effect of probe field detuning and
2
phase shift for precision position information of a single atom in a 2D.
Finally, in chapter 5, we summarize our research work.
1.2 A brief history of atom localization using optical
methods
Motivated by the possible applications as mentioned above, several proposals
have been suggested until so far for enhancement in spatial measurement of
single atom. Light seems to be the best probe for atom microscopy as it can be
used to alter the internal structure of the atom, therefore, in this thesis research
work we discuss only schemes which are based on optical methods. Below, we
give a brief overview of the schemes which have been proposed for the spa-
tial measurement of an atom using optical methods. Initially, researchers have
started from single atom localization in one-dimensional (1D) and then interest
has been shifted to two-dimensional (2D) atom localization. Recently, a couple
of proposals have been suggested for three-dimension (3D) atom localization
as well. In the following, we briefly review these experimental and theoretical
models
Experimental Techniques:
Considerable experimental progress has been noticed where light forces have
been employed to manipulate the motion of atoms [7, 8] and one can expect
high spatial resolution in position measurement of the atoms with optical tech-
niques. The modern quantum optics tools have made the Heisenberg micro-
scope not just a thought experiment. In 1987, Salomon et al. observed trap-
ping of atoms by SW fields [9]. In this experiment, a well-collimated atomic
beam was passed through the SW at right angle and atoms experienced differ-
ent resonance frequency shifts due to nodes and antinodes of the SW field. The
resulting optical absorption spectrum has been observed.
Motivated by this observation, Thomas and co-workers have proposed atom
3
imaging methods [10] which was based on resonance imaging technique. In
their experiment, resonance frequency of an atomic transition was shifted due
to spatially varying potential. As a result, the resonance frequency became po-
sition dependent and position distribution was determined using spectroscopic
methods; the spatial resolution of 1.7µm was achieved. In this experiment, it
has been demonstrated that atom localization within sub-wavelength range of
the optical field could be achieved using a light-shift gradient for imaging of
atom.
In another experiment, a heterodyne technique has been used for localization
of atoms in 3D SW within an optical wavelength region [11] via resonance fluo-
rescence from sodium atoms. Later, it has been shown that light could be used
as a lens to focus a beam of neutral atoms within submicron limits during their
deposition on a substrate [12]. In this experiment, an optical SW at 589 nm
was employed which acted like an array of cylindrical lenses to focus a per-
pendicular sodium beam on a substrate to fabricate a grating with a periodicity
of 294.3 ± 0.3 nm. This, to our knowledge, was the first scheme reported for
submicron lithography using atoms and light.
Further, it has been demonstrated [13] that atom could be localized using entan-
glement between the atomic position and its internal state with a spatial reso-
lution below λ/20. Recently, an experiment has been performed to localize the
atomic excitation via dark state of electromagnetically induced transparency
(EIT) [14]. In this experiment, localization of atom has been achieved using EIT
pulses with a spatial width of 100nm, i.e., λ/8, where λ is the wavelength of
the EIT beam.
Theoretical Techniques:
As mentioned above, Heisenberg microscope can be considered as the first pro-
totype of an all-optical theoretical model to obtain position information of mov-
ing atoms. Using concept of light interacting with the atom, people started
thinking about schemes to measure position of an atom with high spatial reso-
lution. The idea of virtual optical slits has been employed for atom localization
4
[15, 16]. In this scheme, a position-dependent phase shift in the optical SW field
has been obtained via atom-field interaction. The position of the atom has been
obtained via phase-quadrature measurement of the field. This leads to atom
localization within unit optical wavelength region of the SW field. A similar
concept of virtual optical slit has been employed using squeezed field inside
the cavity [16]. The phase-quadrature measurement has further been investi-
gated using homodyne detection for transverse motion of the atom which is
passing through the SW field [17]. A complementary scheme based on Ramsey
interferometry has been suggested [18, 19] where instead of field the phase shift
of an atomic internal state has been used to measure position of the atom.
A rather computationally simple method for atom localization has been pro-
posed [20] where a three-level cascade atomic system interacts with a classical
SW field and spatial information of the atom is determined via spontaneous
emission. In this scheme, upper two levels of the atom are coupled to a co-
herent SW field and spontaneous emission takes place from intermediate to
lower level. The interaction between atom and SW field is position-dependent
whereas frequency of the spontaneously emitted photon (SEP) carries informa-
tion about position of the atom. This leads to atom microscopy within subwave-
length range of the optical SW field. This three-level cascade atomic system for
upper- and lower-level coupling has further been investigated for enhancement
in spatial information of the atom using off-resonant interaction [21]. However,
it has been noticed that there are two main drawbacks in this scheme, first, four
atom localization peaks having equal probability appear in the conditional po-
sition probability distribution (CPPD) for single measurement and second con-
trol of vacuum-field-detuning is required. The former reduces the accuracy by
one-fourth and latter employs complete randomness in the procedure for mea-
surement. The second issue could be resolved using absorption spectrum [22]
and by employing EIT [23]. However, the issue related to the periodicity due to
the presence of SW remained there, irrespective of the detection method. Later,
it has been addressed by several researchers using different parameters. Here,
we briefly describe some of the prominent research work.
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It has been reported that the number of equally probable positions of the atom
for a single measurement could be reduced to half using phase and amplitude
related with the driving fields [24, 25]. Several other schemes have also been
proposed which include, for example, using double dark resonances [26], by
employing strong bichromatic coupling field and a weak bichromatic probe
field in a three-level Λ-type configuration [27]. In the former proposal, two
equally probable positions of the atom have been observed in a unit wavelength
range by properly adjusting the probe-field detuning whereas, in the latter, the
atom could be localized within either of two half-wavelength ranges by varying
the relative phase between the bichromatic coupling fields.
In another proposal, it has been shown that subwavelength atom localization
can also be possible in a three-level system interacting with a SW field and a
weak probe-field [28]. This scheme utilizes coherent population trapping and
the coherence is produced in the lower two levels via SW field and probe field
and measuring the population in one of the ground states provide position of
the atom. In all these proposals [22, 23, 25, 26, 27, 28] the maximum probability
of finding the atom within an optical wavelength is 1/2.
It has been observed that via multiple simultaneous measurement of field quadra-
ture a single position of the atom could be obtained [29]. Later, the concept of
two SW fields with slightly different wavelengths and phase shifts have been
incorporated in an M- and Λ-type atomic system to obtain single position in-
formation peak of the atom via joint probability calculation [30, 31]. The unique
spatial information of the atom can also be obtained in an N-type system which
exhibits gain process [32] and via two SW fields in a superposition [33].
All the schemes mentioned above are for single atom localization in 1D, how-
ever, recently, the focus has been shifted to precise position measurement of
an atom in 2D plane; a significant number of publications could be noticed in
this regard. The pioneering work for atom localization in 2D has been done re-
cently [34]. In this proposal, a scheme for position measurement of single atom
in 2D plane has been presented using two orthogonal standing-wave (OSW)
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fields. The localization has been done via measuring population in the upper
or any ground level in a four-level tripod-type atomic system; interesting spa-
tial structures such as spikes, craters and waves have been noticed. It has been
noticed that the precision in 2D spatial measurement of an atom could be ob-
tained by incorporating quantum interference between the decaying channels
and dynamically induced quantum interference produced by the SW fields [35].
Later, some other schemes based on absorption of probe field in inverted Y- and
N-type systems [36, 37] have been proposed.
In these schemes, spatial 2D structures have been observed and the atom could
be localized within unit wavelength range of the optical field, the maximum
probability which could be achieved is 1/4. The probability can be enhanced to
1/2 using a driven tripod system where the atom has been prepared initially in
the coherent population trapping state [38] or via an N-type system based on
the interference of double-dark resonances [39]. The precision and spatial reso-
lution can further be enhanced and the atom can be localized at a single position
in 2D plane via probe absorption using a microwave-driven four-level atomic
system [40], spontaneous emission quenching [41], controllable spontaneous
emission in a cyclic-configuration system [42], phase control of absorption and
gain in a four-level double Λ-type system [43].
In this thesis, we present some experimentally viable schemes for single atom
localization. The main focus of this PhD thesis research is enhancement in spa-
tial measurement of single atom in 2D plane, however, we start with a pro-
posal for precision position measurement in 1D using Raman-driven coherence
(RDC) in a diamond-type atomic system [44] and then extend it for 2D atom lo-
calization [45]. The rest of the thesis describes our research proposals for single
atom position information in 2D plane via probe absorption [46] and Raman-
gain process (RGP) [47].
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1.3 Motivation
As mentioned in the previous section, the localization of a single moving atom
in 1D and 2D has been studied extensively not only due to the fundamental
nature of the problem but also due to certain applications. The main focus of
all these studies was to obtain enhancement in spatial measurement of single
atom beyond the diffraction limit. Further, the objective was to propose exper-
imentally viable solution of this localization problem.
The rapid advances in the field of atom optic [7] has inclined researchers to con-
centrate on the use of light as a probe for atom microscopy. We know that major
advantage of using atom optics is that the internal structure of the atom can be
probed and modified using light field. Therefore, a considerable progress has
been witnessed in atom localization using optical techniques and the details
have already been described in the previous section. Initially, four positions of
the atom with equal probability in a unit wavelength range of the optical field
has been reported by different research groups [20, 21, 22]. Later, enhancement
in spatial information has successfully been achieved by several researchers
[23, 24, 25, 26, 27, 29, 30, 32, 33].
The research interest has now been shifted to 2D atom localization where two
OSW fields are employed. Considerable efforts have been made during the last
five years or so to achieve spatial measurement of an atom in 2D plane. The
issues, however, remained the same, i.e., to obtain single spatial information of
the atom using some experimentally viable technique [34, 35, 36, 37, 38, 39, 40,
41, 42, 43].
Motivated by the idea presented in [29] for observing single position informa-
tion of an atom and scheme suggested for entanglement generation using an ex-
perimentally viable Raman-driven QBL-type atom-field configuration, we ini-
tially present a method for 1D atom localization [44]. We expect single position
of the atom with much higher spatial resolution using spontaneous emission
via control of detuning and phase shift.
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To obtain atom localization in 2D using the same four-level atomic system with
RDC, we consider two OSW fields with slightly different wavelengths [45]. The
single position of atom in 2D plane could be observed with a high spatial reso-
lution via control of detuning and phase.
Next, we consider a three-level Λ-type atomic system with two OSW fields to
obtain 2D atom localization via absorption spectrum [46]. This is an experimen-
tally more viable system and earlier been used to observe EIT in cold rubidium
atoms [48, 49]. We consider same experimental parameters as has been used in
[48, 49] and obtain single atom localization peak in 2D with high spatial resolu-
tion.
Finally, we consider a four-level atomic system in N-type configuration which
exhibits RGP to calculate 2D CPPD. This is again an experimentally viable sys-
tem, which has been suggested earlier for superluminal pulse propagation [50]
and atom localization in 1D [32], to obtain atom localization in 2D plane.
Below, we discuss, briefly, physical picture of the atom-field systems which
have been selected for 1D and 2D atom localization.
Spontaneous emission spectrum
The spontaneous emission is one of the the basic phenomena resulting from
the interaction between radiation and matter. The spontaneous emission spec-
trum of a two-level excited atom exhibits Lorentzian profile and the width of
the spectrum is proportional to the decay rate. However, when one of the level
is coupled to another level by a coherent driving field, the spontaneous emis-
sion spectrum shows two peaks which in the presence of quantum interference
phenomenon is known as Autler-Townes doublet [51, 52, 53]. The level split-
ting depends on the strength of the driving field or the corresponding Rabi
frequency and if SW field is used as coherent driving field then atom-field in-
teraction becomes position-dependent. In such a case, the SEP carries spatial
information of the atom [20].
It is obvious that with a slight modification, the atomic system exhibiting Autler-
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Figure 1.1: (a) Splitting of the atomic level by stark effect. (b) Autler-Townes
spontaneous emission spectrum. (c) Three-level atomic system; up-
per levels are coupled via microwave field. (d) Four-level atomic
system; upper two levels are driven by two coherent fields.
Townes doublet can be considered as quantum beat laser (QBL) [54]. In a QBL,
a three-level atomic system in V-type configuration is considered where two
closely lying upper levels are driven by a coherent driving field. Further, the
atomic decay can take place from these levels to ground level. The quantum
interference occurs due to two decay channels [55]. There are two main draw-
backs of QBL system, i.e., initial superposition of two upper level state is re-
quired for the atom and there is a dipole forbidden transition involved, see
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Figure 1.2: (a) Schematics of the atom-field system; EIT configuration. (b)
Probe-absorption spectrum of three-level atom.
Fig. 1.1(c). These drawbacks can be overcome if we consider four-level Raman-
driven QBL [56], where upper two levels are coupled to an auxiliary level and
coherence is generated by two external driving fields as shown in Fig. 1.1(d).
This four-level Raman-driven QBL system has already been used for sponta-
neous emission cancellation [57] and entanglement generation [58]. We exploit
this four-level Raman-driven QBL system for 1D and 2D atom localization and
expect single localization peak with better spatial resolution.
Probe Absorption spectrum It is now well established that one can modify ab-
sorptive and dispersive properties of an atomic medium via coherent control
of the driving fields. The EIT is a phenomenon which arises due to modifica-
tion in dispersive properties of the medium via quantum interference effect. It
was first predicted theoretically and observed experimentally by Harris and co-
workers [59] using a three-level atomic system. To observe EIT phenomenon in
an atomic medium, the optical susceptibility (χ) of the atomic medium is cal-
culated which gives linear response of the medium due to resonant interaction
of light field with the medium is calculated [60]. The absorptive properties of
the medium is obtained from imaginary part of the susceptibility whereas the
real part of the susceptibility gives dispersive characteristics. A representative
scheme of three-level EIT system is shown in Fig. 1.2(a). The schematics shows
that higher energy level |a〉 is coupled to lower energy levels |b〉 and |c〉 using a
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Figure 1.3: (a) Schematics of the atom-field system; Raman gain configuration.
(b) Raman gain spectrum when control field is zero, i.e., E2 = 0. (c)
Raman gain spectrum when control field is applied between |b〉 ↔
|c〉 transition.
probe field Ep and a resonant pump field E, respectively. The upper level splits
into two sublevels, which can be represented by the dressed states |+〉 and |−〉,
due to Stark effect and are separated by the Rabi frequency Ω. The dressed
states are shifted by ±Ω/2 from the probe field resonance. The quantum in-
terference between the two transition paths |b〉 ↔ |+〉 and |b〉 ↔ |−〉 leads
to reduction in absorption of the probe field and medium becomes transparent
corresponding to probe field absorption, see Fig. 1.2(b).
It has been demonstrated that EIT system could be used for 1D atom localiza-
tion [22] and we consider it for 2D atom localization using experimental pa-
rameters [48, 49]. This scheme has two advantages for using atom localization;
first, the initial state of the atom is considered ground state which can easily
be achieved experimentally, second, it does not require control of spontaneous
emission which is hard to achieve experimentally.
Raman gain spectrum It has been observed experimentally [61] as well as the-
oretically [50] that optical susceptibility of the atomic medium can be modified
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using the condition of RGP. A gain assisted superluminal pulse propagation has
been observed by Wang and co-workers using a three-level Λ-type atom-field
configuration via two pump fields with slightly different frequencies. Later,
in an N-type atomic system, coherent control of the RGP has been noticed by
Agarwal and Dasgupta [50]. The required N-type atom-field configuration is
shown in Fig. 1.3(a). The lower energy levels |d〉 and |c〉 are coupled to the
upper levels |a〉 and |b〉 via a pump field E1 and control field E2, respectively. A
weak probe field with Rabi frequency Ep drives |a〉 to |c〉 transition. In the ab-
sence of the control field, i.e.,E2 = 0, a single gain peak appears, see Fig. 1.3(b).
This gain peak splits into two when control field is on as shown in Fig. 1.3(c).
This atom-field system is experimentally more viable and has been suggested
for 1D atom localization earlier [32], we use this scheme for atom localization
in 2D.
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CHAPTER 2
One- and two-dimensional atom
localization via Raman-driven
coherence
During the last couple of decades, quite a large number of schemes have been
proposed by several researchers to determine position of the atom in one-dimension
by measuring frequency of the SEP [20, 21, 24, 31]. These schemes are based on
the idea that the spatial information of the atom is carried by the SEP due to the
position dependence of atom-field interaction and therefore the CPPD exhibits
localization peaks.
In 1997, a scheme for 1D localization of moving atom has been proposed [20],
which utilizes resonant interaction of the atom with a SW field and spontaneous
emission measurement to calculate CPPD of the atom. This scheme has further
been extended to achieve enhancement in spatial measurement of the an atom
using off-resonant interaction between atom and field. It has been observed
that detuning of the SW field plays an important role in precision position mea-
surement of the atom [21].
However, one of the main drawbacks in all those schemes which use SW fields
for interaction is that the CPPD exhibits four potential peaks having equal prob-
ability within unit wavelength corresponding to a single measurement; this is
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due to the periodic nature of the SW field. The number of peaks in CPPD could
be reduced to half using phase and amplitude control of the driving fields [24].
A further enhancement could be made via two SW fields with slightly different
wavelengths; it has been observed that unique position information of an atom
could be done via dual measurement on quadrature field [29] or SEP frequency
measurement [30, 31]. After establishing methods for 1D atom localization, the
interest has been shifted to 2D atom localization and a number of schemes have
been suggested using two OSW fields [34, 35, 36, 37, 38, 39, 40, 41, 42, 43].
In this chapter, we consider one- and two-dimensional atom localization in a
four-level atomic system following a diamond-type atom-field configuration
via RDC. We investigate role of detuning and phase shift related with the SW
fields and expect unique spatial information of the atom within unit optical
wavelength range.
2.1 One-dimensional atom localization
We consider four-level atomic system in diamond-type atom-field configura-
tion to calculate 1D CPPD for atom localization. The intermediate levels are
coupled to a common upper-level (auxiliary level) via two SW driving fields,
the two fields have slightly different wavelengths. The quantum mechanical
coherence in this system is generated via two-photon Raman transition. Con-
sidering long-time limit, the atom when in one of the intermediate level decays
to the ground level and a photon is emitted spontaneously. The measurement
of the frequency of SEP, due to its direct relationship with position-dependent
Rabi frequency leads to potential spatial information of the atom.
In this scheme, we investigate role of phase shift and detuning to obtain en-
hancement in spatial measurement of single atom when it is passing through
SW fields. We consider a four-level atom with diamond-type atom-field inter-
action. The intermediate levels are coupled to upper- and lower- level via two
SW driving fields and two decay channels, respectively. The quantum mechan-
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ical coherence is generated via coherent interaction of the atom with the SW
driving fields whereas spontaneous emission takes place from either of the two
decay channels. The coherent interaction of the atom with the driving fields
is position-dependent and SEP carries spatial information of the atom which is
determined via measurement of the frequency of the SEP. We can observe single
peak in the CPPD of the atom having high spatial resolution via manipulation
of phase shift and detuning related with the SW fields.
2.1.1 Model and Equations
We consider that a four-level atom with energy levels |a〉, |b〉, |c〉 and |d〉 is
moving through two SW fields, i,e., E1 and E2 having frequencies ν1 and ν2,
respectively. Two SW fields couple atomic transitions |a〉 to |b〉 and |c〉 which
generate RDC, corresponding Rabi frequencies are Ω1(x) and Ω2(x), respec-
tively. We can observe that the atom-field interaction is position-dependent.
The spontaneous emission takes place in the presence of reservoir modes fol-
lowing decay channels |b〉 and |c〉 to |d〉 having decay rates γ1 and γ2, respec-
tively. We can observe that the atom-field configuration is diamond shaped, see
Fig. 2.1. The advantages are that no dipole forbidden transition is involved and
atom does not require to be initially in a superposition of levels |b〉 and |c〉.
As mentioned above, the atom passes through two SW fields and position-
dependent interaction takes place. We can write position-dependent Rabi fre-
quencies as follows
Ω1(x) = Ω1sin(k1x + φ),
Ω2(x) = Ω2sin(k2x + ϕ), (2.1.1)
where k1 = 2pi/λ1 and k2 = 2pi/λ2 are the wave-vectors whereas φ and ϕ are
the phase shifts corresponding to the SW fields.
We assume, that the center-of-mass position of the atom along the SW does
not change during the interaction time and thus neglect the kinetic energy
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Figure 2.1: Four-level Raman-driven atomic system. The upper Λ-type configu-
ration is governed by two SW driving optical fields with correspond-
ing position-dependent Rabi frequencies Ω1(x) and Ω2(x) whereas
the lower V-type configuration corresponds to two atomic decays at
the rates γ1 and γ2 [44].
of the atom under Raman-Nath approximation (RNA). Thus interaction pic-
ture Hamiltonian using dipole and rotating-wave approximation (RWA) can be
written as
V = h¯[Ω1(x)e−i∆1t|a〉〈b|+ Ω2(x)e−i∆2t|a〉〈c|+ ∑
k
g(1)k (x)e
−iδ(1)k t|b〉〈d|bk
+ ∑
k
g(2)k (x)e
−iδ(2)k t|c〉〈d|bk + H.c]. (2.1.2)
Here ∆1 = ν1 − ωab and ∆2 = ν2 − ωac are detunings corresponding to the
atomic transitions |a〉 ↔ |b〉 and |a〉 ↔ |c〉, respectively. The parameters
g(1)k and g
(2)
k are the coupling constants between the reservoir mode k and the
atomic transitions from levels |b〉 and |c〉 to |d〉, respectively. The annihilation
operator is represented by bk whereas δ
(1)
k = νk − ωbd and δ
(2)
k = νk − ωcd
are the corresponding atom-vacuum field detunings, with ωbd and ωcd are the
atomic transition frequencies corresponding to the atomic transition from level
|b〉 and |c〉 to |d〉, respectively whereas νk is the SEP frequency corresponding
to the reservoir mode k.
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The atom-field state-vector can be written as
|Ψ(x; t)〉 =
∫
dx f (x)|x〉[Ca,0k(x; t)|a, 0k〉+ Cb,0k(x; t)|b, 0k〉
+Cc,0k(x; t)|c, 0k〉+ ∑
k
Cd,1k(x; t)|d, 1k〉], (2.1.3)
where Ci,0k(x, t) with i = a, b, c is the probability amplitude. It represents state
of the atom at time t with no SEP in the kth mode of the reservoir whereas
Cd,1k(x, t) represents probability amplitude of the atom when it is in level |d〉
having one photon in reservoir mode k. The center-of-mass wave-function of
the atom is represented by f (x).
The position measurement of an atom depends on position-dependent interac-
tion between atom and field. As a result, the SEP carries spatial information of
the atom and we calculate CPPD, i.e., the probability to find atom at normal-
ized position κx as soon as the SEP of frequency νk is detected at time t and the
atom is in level |d〉.
The reduced state-vector after making appropriate projection can be written as
|ψd,1k〉 = N〈1k, d|Ψ(x; t)〉 = N
∫
dx f (x)Cd,1k(x; t)|x〉, (2.1.4)
where N is a normalization factor. The CPPD is defined as
W(x) = W(x; t|d; 1k) = |N|2|〈x|ψd,1k〉|2 = F(x; t|d, 1k)| f (x)|2, (2.1.5)
where the filter function F(x; t|d, 1k) is defined as
F(x; t|d, 1k) = |N|2|Cd,1k(x; t)|2. (2.1.6)
The equation (2.1.6) shows that the filter function is directly proportional to
|Cd,1k(x; t)|2 which is the probability of finding the atom in level |d〉 with one
photon of frequency νk is emitted spontaneously.
To calculate |Cd,1k(x; t)|2, we calculate probability amplitude Cd,1k(x; t) by solv-
ing Schro¨dinger equation using interaction Hamiltonian (2.1.2) and state-vector
(2.1.3) and the atom is initially in the excited state |a〉. The rate equations for
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the corresponding probability amplitudes are calculated as
C˙a,0k(t) = −i
[
Ω1(x)e−i∆1tCb,0k(t) + Ω2(x)e
−i∆2tCc,0k(t)
]
, (2.1.7)
C˙b,0k(t) = −i
[
Ω1(x)ei∆1tCa,0k(t) + ∑
k
g(1)k (x)e
−iδ(1)k tCd,1k(t)
]
, (2.1.8)
C˙c,0k(t) = −i
[
Ω2(x)ei∆2tCa,0k(t) + ∑
k
g(2)k (x)e
−iδ(2)k tCd,1k(t)
]
, (2.1.9)
C˙d,1k(t) = −i
[
g∗(1)k (x)e
iδ(1)k tCb,0k(t) + g
∗(2)
k (x)e
iδ(2)k tCc,0k(t)
]
. (2.1.10)
The integration of equation (2.1.10) yields
Cd,1k(t) = −ig
∗(1)
k (x)
∫ t
0
eiδ
(1)
k t
′
Cb,0k(t
′
)dt
′
−i ∗ g∗(2)k (x)
∫ t
0
eiδ
(2)
k t
′
Cc,0k(t
′
)dt
′
. (2.1.11)
Substituting equation (2.1.11) in equations (2.1.8) and (2.1.9), and applying Weisskopf-
Wigner theory, we get
C˙b,0k(t) = −iΩ1(x)ei∆1tCa,0k(t)−
γ1
2
Cb,0k(t), (2.1.12)
and
C˙c,0k(t) = −iΩ2(x)ei∆2tCa,0k(t)−
γ2
2
Cc,0k(t). (2.1.13)
We use Laplace transform and obtain Cd,1k for long time limit (t → ∞) as
Cd,1k(x; t → ∞) = −ig
∗(1)
k C˜b,0k(s = −iδ
(1)
k )
−ig∗(2)k C˜c,0k(s = −iδ
(2)
k ), (2.1.14)
where C˜b,0k(s) and C˜c,0k(s) are the Laplace transforms of Cb,0k(t) and Cc,0k(t)
with s = −iδ(1)k and s = −iδ
(2)
k , respectively.
After performing the Laplace transformation, we obtain
C˜b,0k(s = −iδ
(1)
k ) = A/B, (2.1.15)
C˜c,0k(s = −iδ(2)k ) = C/D, (2.1.16)
where
A = (−i(δk + 0.5ωcb) + γ22 )
Ω1(x)
(δk + 0.5ωcb) + ∆1
,
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C = (−i(δk − 0.5ωcb) + γ12 )
Ω2(x)
(δk − 0.5ωcb) + ∆2 ,
B =
1
4
[−(γ1 − 2i(δk + 0.5ωcb))(δk + 0.5ωcb)(iγ2 + 2(δk + 0.5ωcb))
−2Ω
2
1(x)(γ2 − 2i(δk + 0.5ωcb))
(δk + 0.5ωcb)2 − ∆21
− 2Ω
2
2(x)(γ1 − 2i(δk + 0.5ωcb))
(δk + 0.5ωcb)2 − ∆22
],
D =
1
4
[−(γ1 − 2i(δk − 0.5ωcb))(δk − 0.5ωcb)(iγ2 + 2(δk − 0.5ωcb))
−2Ω
2
1(x)(γ2 − 2i(δk − 0.5ωcb))
(δk − 0.5ωcb)2 − ∆21
− 2Ω
2
2(x)(γ1 − 2i(δk − 0.5ωcb))
(δk − 0.5ωcb)2 − ∆22
],
with
δk = νk − 0.5(ωbd + ωcd) = δ(1)k − 0.5ωcb = δ
(2)
k + 0.5ωcb,
is the frequency of the SEP corresponding to the vacuum mode k and ωcb =
ωc −ωb.
Finally, the filter function in the steady state limit (t → ∞) is calculated as
F(x; t|d, 1k) = |N|2|Cd,1k(x; t → ∞)|2. (2.1.17)
2.1.2 Results and Discussion
In some earlier work, it has been observed that detuning of the driving field
with the atomic transition plays an important role in precision position mea-
surement of the single atom [21] and much narrower localization peaks could
be observed for certain choices of the detuning. In the following, we investigate
the behavior of CPPD of the single atom (2.1.5) for different choices of parame-
ters, i.e., the detunings (∆1 and ∆2) and the difference between the phase shifts
(φ and ϕ). In all of our analysis, we consider an initially broad wave packet,
i.e., | f (x)|2 which is remained constant over the range −0.5λ to 0.5λ of kx. We
also consider that the wave vectors, i.e., k1 and k2 corresponding to the two SW
fields (having slightly different wavelengths) are related to each other via the
ratio k2 = αk1 with α being some constant.
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Figure 2.2: The CPPD W(x) is plotted versus normalized position kx with
|Ω1| = |Ω2| = 3Γ, δk = 1.5Γ, ωcb = Γ, φ = 0 and γ1 = γ2 = 0.1Γ
for (a) α = 1.0, ϕ = 0, ∆1 = ∆2 = 0 (dashed line) and ∆1 = ∆2 = 2Γ
(solid line). For (b) α = 0.85, ϕ = pi/8 and ∆2 = 2Γ whereas ∆1
is equal to 1.2Γ (solid line) and 2Γ (dashed line). In (c) ∆1 = 0.5Γ;
φ = 0, ϕ = pi/8 (solid line) and φ = pi/8, ϕ = 0 (dashed line)
remaining parameters are same as in (b) [44].
As an starting point we consider the case when the driving fields are reso-
nant with the corresponding atomic transitions, i.e., ∆1 = ∆2 = 0. We also
assume that the two SW fields are in phase, i.e., φ = ϕ = 0 and have the
same wavelengths, i.e., α = 1. The Fig. 2.2(a) shows the plots of CPPD W(x)
versus normalized position kx for |Ω1| = |Ω2| = 3Γ, δk = 1.5Γ, ωcb = Γ, and
γ1 = γ2 = 0.1Γ where Γ is the scaling parameter which is selected for simplicity
sake. The plot shows four broad atom localization peaks (dashed line) which
are overlapped to each other due to their large full width at half maximum and
thus exhibiting no spatial resolution.
Keeping in view earlier observations [21] that detuning of the driving fields
with the coherent atomic transition plays an important role in enhancement of
the spatial resolution in position measurement of single atom, we select detun-
ing parameters as ∆1 = ∆2 = 2Γ while the remaining parameters are the same
as in Fig. 2.2(a). The plot of W(x) versus kx exhibits four narrow peaks (solid
line) where each localization peak depicts potential spatial information of the
atom with high spatial resolution within a unit wavelength range.
The comparison of the two plots in Fig. 2.2(a) (dashed and solid lines) clearly
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shows the role of detuning ∆1 and ∆2 in precision position measurement of the
single atom. However, due to the periodic nature of SW fields, we observe four
localization peaks with equal probability [20, 21]. Thus in general the system
exhibits four equally probable potential positions of the single atom. Our next
objective here is to reduce these four atom localization peaks and to obtain a
unique potential position information of the single atom.
It has already been noticed that the number of localization peaks can be reduced
and one can get either a unique position information via multiple field quadra-
ture measurement [29] and two-photon spontaneous emission processes [30] or
a most probable atom localization can be observed using RGP [32]. For this
purpose, in the following analysis, we use detuning and phase shifts related
with the driving SW fields to reduce the number of localization peaks within a
unit wavelength range of the optical field.
We now assume that the two SW driving fields have slightly different wave-
lengths and therefore α = 0.85. We also consider a phase shift related with the
corresponding SW fields and choose φ = 0 and ϕ = pi/8. In Fig. 2.2(b), we plot
CPPD W(x) versus normalized position kx for ∆1 = 2Γ (dashed line) and for
∆1 = 1.2Γ (solid line) while the remaining parameters are same as in Fig. 2.2(a).
We observe that the heights of the localization peaks and position of their max-
ima depend on the value of ∆1, however, in both cases, the plot shows three
peaks in the CPPD with the most probable position is at ≈ 0.015λ. The spatial
resolution is very high in these cases, i.e., of the order of λ/100. This shows that
a much higher probability of finding the atom at a particular position with high
spatial resolution could be achieved with suitable choices of the detunings and
the phase shift related with the two optical SW fields.
As observed above, by using the detunings and phase related with the driving
SW fields we are able to reduce the number of potential positions of the atom
from four (equally probable) to three (with different probabilities). Next, we
try to obtain a single spatial information of the atom via change in detuning
∆1 while keeping remaining parameters same as in Fig. 2.2(b). In Fig. 2.2(c),
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Figure 2.3: The plot of CPPD W(x) versus kx with ∆2 = 2Γ and ∆1 is equal to
(a) Γ, (b) 0.75Γ and (c) 0, whereas for ∆1 = 2Γ ∆2 is equal to (d) Γ, (e)
0.75Γ and (f) 0. The remaining parameters same as in Fig. 2.2(c) [44].
we plot CPPD W(x) versus normalized position kx for ∆1 = 0.5Γ and observe
a unique position information at −0.43λ with a spatial resolution of around
λ/100, see solid line. For the case when φ = pi/8 and ϕ = 0 we do not obtain
single localization peak, see dashed line, however, still one position information
at ≈ 0.39λ is more probable than the other position at ≈ 0.45λ.
From above analysis it is now clear that precision in single atom localization is
sensitive to the selection of detunings and phases related with the driving fields.
In the following, we further analyze the role of different choices of detunings
and phases on single atom localization.
In Fig. 2.3, we plot CPPD W(x) versus normalized position kx for different
combinations of ∆1 and ∆2. Initially, we fix the value of ∆2 (equal to 2Γ) and
select three different values of ∆1, i.e., (a) Γ, (b) 0.75Γ and (c) 0. The remaining
parameters are same as in Fig. 2.2(c). We observe unique position information
of the single atom with high spatial resolution, i.e., λ/100 in each case. We also
notice that the position of the peak maximum depends on ∆1 and therefore the
peak maximum is shifted from −0.48λ when ∆1 =≈ Γ to −0.46λ and then to
−0.425λ for ∆1 = 0.75Γ and 0, respectively.
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Figure 2.4: Plot shows the CPPD W(x) versus normalized position kx with α =
0.85. We select φ = 0 and ϕ is (a) pi/6, (b) pi/4 and (c) pi/2. Next, we
choose ϕ = 0 and φ is (d) pi/6, (e) pi/4 and (f) pi/2. The remaining
parameters are same as in Fig. 2.2(c) [44].
Next, we fix ∆1 (equal to 2Γ) and choose three different values of ∆2, i.e., (d)
Γ, (e) 0.75Γ and 0. Here, again the CPPD exhibits single atom localization peak
(except in (d) where still one position information is most probable) but with
low spatial resolution, i.e., of the order of λ/20.
Finally, in Fig. 2.4, we plot the CPPD versus kx for different combinations of the
two phases φ and ϕ. For φ = 0 and ϕ is equal to (a) pi/6, (b) pi/4 and (c) pi/2,
we observe single, three and four atom localization peaks, respectively, with
different heights. Similarly, for ϕ = 0 and φ is equal to (a) pi/6, (b) pi/4 and (c)
pi/2, we observe two, four and four atom localization peaks, respectively, with
different heights.
2.1.3 Conclusion
we suggested a scheme to obtain enhancement in spatial measurement of sin-
gle atom. We considered that an atom is moving perpendicular to the direction
of propagation of the SW fields with high enough velocity such that the inter-
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action time of the atom with the SW fields is sufficiently small. As a result,
the center-of-mass position of the atom along the SW fields does not change
during the interaction and thus we may neglect the kinetic-energy term in the
interaction Hamiltonian, i.e, RNA. The atom-field configuration is similar to a
four-level system with RDC which has been used to investigate role of phase
coherence and decoherence in the quantum beat laser [56] and also employ for
the entanglement generation [58]. Here, we investigated the role of detunings
and phases related with the SW driving fields for precision position measure-
ment of the single atom within a unit wavelength range of the optical field.
We observed that for certain choices of detunings and phases related with the
SW driving fields and corresponding to the atomic transitions |a〉 to |b〉 and
|c〉 unique position information of the single atom with high spatial resolu-
tion could be achieved. It is also observed that for some other choices of these
parameters the CPPD exhibited more than one localization peaks, however, a
most probable position information could still be obtained. Thus the proposed
scheme leads to a better enhancement in spatial measurement of single atom
during its flight through the SW fields for arbitrary choice of the detunings and
phase shifts.
We also would like to mention that the position distributions are conditioned
on the measurement of the frequency and the direction of the SEP. The position
information of an atom moving through the SW fields is based on measure-
ment of the spontaneous photon frequency by the detector. As spontaneous
emission is an isotropic process therefore it appears that 4pi detectors must be
required in an experimental setup. Further, the calculation of |Cd,1k(x; t → ∞)|2
Eq. (2.1.17) does not mean that an atom should spent a long enough time in-
teracting with the field. However, in fact, it is not necessary to measure every
atom and it would be sufficient to be able to detect only those atoms whose
spontaneous photons have been detected. Therefore, taking time t → ∞ only
means that a spontaneous photon must have been emitted whose frequency is
then measured. As far as the measurement of spontaneous emission frequency
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δk is concerned it could be done via spectrum analyzer whose detailed can be
found in [60].
Here, we mention that the present technique is based on assumption that most
favorable emission events are detected as has been considered in all the relevant
schemes [21, 22, 23, 25], however, in order to estimate the microscopy power
we can introduce a strict analysis procedure as has been done in [30] which
assumes detection of the most probable emission events, rather than the most
favorable, but potentially unlikely, detection events.
Here, we emphasize that the CPPD is narrowed to ranges smaller than the
wavelength of the SW fields, however, we expect that this must accompanied
by a widening of the conditional momentum distribution as has been demon-
strated in [20] which is in complete agreement with the complementarity prin-
ciple.
We feel that this scheme not only can give much precise position informations
of the atom but also experimentally more viable. This is due to the fact that
no dipole forbidden transition is involved in our proposed scheme and fur-
ther, there is no requirement for initial superposition of atomic states. We also
would like to mention that this proposal is a theoretical one, however, for a
possible experimental realization 87Rb may be used in a diamond configura-
tion, see some recent experiments [62, 63]. Further, we suggest that this scheme
can also be extended to two-dimensional atom localization, the topic which has
gained considerable interest in recent years [34, 35, 36, 37, 38, 39, 40, 41, 42].
2.2 Two-dimensional atom localization
In the previous section, we have proposed a 1D atom localization scheme in a
four-level diamond-shaped atom-field system via RDC. We have noticed that
atom localization with a spatial resolution on the order of λ/100 could be ob-
tained via control of detuning and phase shift. Now, we extend this model
to obtain 2D atom localization and expect a single localization peak in the 2D
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Figure 2.5: Four-level Raman-driven atomic system. (a) Two OSW fields cou-
pling different atomic transitions. (b) Superposition of two OSW
fields driving same atomic transition. The lower V-type configura-
tion corresponds to two atomic decays at the rates γ1 and γ2. [45]
CPPD. We consider two OSW fields, i.e., along x- and y-direction, where each
SW field is a superposition of two SW fields along the corresponding direc-
tions. We consider two situations, first, SW fields, having slightly different
wavelengths, couple different atomic transitions, second, we consider superpo-
sition of two OSW fields with same wavelengths which drives a single atomic
transition.
2.2.1 Model and Equations
We consider a four-level atomic system which is consisted of an upper level,
two intermediate levels and a lower-level. The intermediate levels |b〉 and |c〉
are coupled to the upper level |a〉 via strong driving fields whereas the atomic
decays take place from |b〉 or |c〉 to a lower level |d〉 with corresponding rates
γ1 or γ2. The resulting atom-field interaction follows a diamond-shaped con-
figuration, see Fig.2.5. We further consider two OSW fields, i,e., Ex and Ey
which are aligned along x− and y−direction, respectively and each SW field
is obtained from the superposition of two SW fields along the corresponding
directions. For atom localization in 2D space, two different scenarios for the
diamond-shaped atom-field configuration are considered.
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The atom-field state-vector for our system can be written as
|Ψ(t)〉 =
∫
f (x, y)|x〉|y〉[ ∑
i=a,b,c
Ci,0k(x, y; t)|i, 0k〉+ ∑
k
Cd,1k(x, y; t)|d, 1k〉]dxdy,
(2.2.1)
with Ci,0k(x, y; t) (i = a, b, c) be the probability amplitudes which represent the
state of the atom at time t when there is no SEP in the kth vacuum mode and
Cd,1k(t) is the probability amplitude of the atom to be in level |d〉 with one
photon in mode k and f (x, y) is the center of mass wave function of the atom.
In the present proposal, the 2D atom localization scheme is based on the fact
that the interaction between the atom and field is position dependent [20].
As a result, the SEP, due to atomic decay from either of the two intermedi-
ate levels, carries spatial information of the atom in 2D xy plane. The CPPD
W(x, y; t/d; 1k) is defined as the probability of finding the atom at position in
x-y plane under the condition that the SEP is detected at time t when the atom
is in the state |d〉. The reduced state-vector after making appropriate projection
can be written as
|Ψd,1k〉 = N〈1k, d|Ψ(x, y; t)〉
= N
∫
f (x, y)Cd,1k(x, y; t)|x〉|y〉dxdy, (2.2.2)
where N is a normalization factor.
The 2D CPPD can therefore be calculated in a similar fashion as [20]
W(x, y) = W(x, y; t|d; 1k) = |N|2〈x|〈y|Ψ(t)〉|2 = F(x, y; t|d, 1k)| f (x, y)|2,
(2.2.3)
where F(x, y; t|d, 1k) is the filter function and defined as
F(x, y; t|d, 1k) = |N|2|Cd,1k(x, y; t)|2, (2.2.4)
where |Cd,1k(x, y; t|2 is the probability of finding the atom in it’s lower state |d〉
when one photon is emitted spontaneously due to atomic decay from one of
the intermediate levels. This can be calculated using the probability amplitude
method in the large time limit, i.e., t → ∞. Therefore, the 2D CPPD W(x, y) in
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the steady-state limit becomes
W(x, y) = F(x, y; t|d, 1k) = |N|2|Cd,1k(x, y; t → ∞)|2, (2.2.5)
which describes that the 2D atom localization (for an initial broad wave packet)
can be obtained via the probability of finding the atom in energy level |d〉 when
a photon is emitted spontaneously due to atomic decay from either of the inter-
mediate levels (|b〉 and |c〉) to the lower level (|d〉).
Case-I: The SW fields Ex and Ey driving atomic transitions |a〉 ↔ |b〉 and
|a〉 ↔ |c〉, respectively
The OSW fields Ex and Ey drive atomic transitions between |a〉 ↔ |c〉 and
|a〉 ↔ |b〉, respectively, see Fig. 2.5(a). The resulting atom-field interaction
is position-dependent and corresponding position-dependent Rabi frequencies
are denoted by Ω(x) and Ω(y) which are defined as
Ω(x) = Ω1[sin(κ1x + φ) + sin(κ2x)], (2.2.6)
and
Ω(y) = Ω2[sin(κ3y + ϕ) + sin(κ4y)], (2.2.7)
respectively. We also define κi = 2pi/λi(i = 1, 2, 3, 4) as the wave-vector with
wavelength λi(i = 1, 2, 3, 4) for the corresponding SW fields. The parameters
φ and ϕ be the phase shifts related with the SW driving fields having wave-
vectors κ1 and κ3. The coherence between atomic levels |b〉 and |c〉 is there-
fore generated using two-photon Raman transition via energy level |a〉 and the
atomic system does not require an initial superposition state of energy levels
|b〉 and |c〉.
The interaction Hamiltonian in dipole, RWA and RNA when two OSW fields
drive the different atomic transitions can be written as
V = h¯[Ω(x)e−i∆1t|a〉〈b|+ Ω(y)e−i∆2t|a〉〈c|+ ∑
k
g(1)k e
−iδ(1)k t|b〉〈d|bk +
∑
k
g(2)k e
−iδ(2)k t|c〉〈d|bk + H.c], (2.2.8)
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where ∆1 = ν1 − ωab (∆2 = ν2 − ωac) is the detuning of the SW driving field
having frequency ν1 (ν2) with the atomic transition |a〉 ↔ |b〉 (|a〉 ↔ |c〉). The
parameter g(1)k (g
(2)
k ) is the coupling constant between the reservoir mode k
and the atomic transition from level |b〉 (|c〉) to level |d〉. The annihilation
operator corresponding to the reservoir mode is represented by bk whereas
δ
(1)
k = νk − ωbd (δ
(2)
k = νk − ωcd) be the corresponding atom-vacuum field de-
tuning, with ωbd (ωcd) is the atomic transition frequency between level |b〉 (|c〉)
to |d〉, νk is the frequency of the spontaneously emitted photon corresponding
to the reservoir mode k.
The 2D CPPD of an atom (2.2.5) is directly related to the probability |Cd,1k(x, y; ∞)|2
and we can derive the analytical expression for the probability amplitude Cd,1k(x, y; t →
∞) by solving the Schro¨dinger wave equation using interaction Hamiltonian
(2.2.8) and state-vector (2.2.1). We obtain rate equations for the corresponding
probability amplitudes as follows
C˙a,0k(x, y; t) = −i[Ω(x)e−i∆1tCb,0k(x, y; t) + Ω(y)e−i∆2tCc,0k(x, y; t)], (2.2.9)
C˙b,0k(x, y; t) = −i[Ω(x)ei∆1tCa,0k(x, y; t) + ∑
k
g(1)k e
−iδ(1)k tCd,1k(x, y; t)], (2.2.10)
C˙c,0k(x, y; t) = −i[Ω(y)ei∆2tCa,0k(x, y; t) + ∑
k
g(2)k e
−iδ(2)k tCd,1k(x, y; t)], (2.2.11)
C˙d,1k(x, y; t) = −i[g
∗(1)
k e
iδ(1)k tCb,0k(x, y; t) + g
∗(2)
k e
iδ(2)k tCc,0k(x, y; t)]. (2.2.12)
The integration of Eq. (2.2.12) yields
Cd,1k(x, y; t) = −ig
∗(1)
k
∫ t
0
eiδ
(1)
k t
′
Cb,0k(x, y; t
′
)dt
′ − ig∗(2)k
∫ t
0
eiδ
(2)
k t
′
Cc,0k(x, y; t
′
)dt
′
.
(2.2.13)
On Substituting Eq. (2.2.13) in Eqs. (2.2.10) and (2.2.11), and applying Weisskopf-
Wigner approximation we get
C˙b,0k(x, y; t) = −iΩ(x)ei∆1tCa,0k(x, y; t)−
γ1
2
Cb,0k(t)− p
√
γ1γ2
2
e−iωcbtCc,0k(x, y; t),
(2.2.14)
and
C˙c,0k(x, y; t) = −iΩ(y)ei∆2tCa,0k(x, y; t)−
γ2
2
Cc,0k(x, y; t)− p
√
γ1γ2
2
eiωcbtCb,0k(x, y; t).
(2.2.15)
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Here, p = ~µbd.~µcd|µbd||µcd| and ~µbd and ~µcd are the matrix elements of the dipole mo-
ments corresponding to |b〉 ↔ |d〉 and |c〉 ↔ |d〉 transitions, respectively.
The term p
√
γ1γ2
2 represents the quantum interference between the spontaneous
emissions from |b〉 ↔ |d〉 and |c〉 ↔ |d〉 transitions. There is no quantum inter-
ference between the spontaneous decay channels when dipole matrix moments
are orthogonal, i.e., p = 0 and there is maximum quantum interference if the
dipole matrix moments are parallel, i.e., p = 1.
By applying the Laplace transform method, we obtain Cd,1k(x, y; t) in the long
time limit as
Cd,1k(x, y; t → ∞) = −ig
∗(1)
k C˜b,0k(s = −iδ
(1)
k )− ig
∗(2)
k C˜c,0k(s = −iδ
(2)
k ),
where C˜b,0k(s) and C˜c,0k(s) are the Laplace transforms of Cb,0k(t) and Cc,0k(t)
with s = −iδ(1)k and s = −iδ
(2)
k , respectively.
After performing the Laplace transformation, we obtain
C˜b,0k(s = −iδ
(1)
k ) = A/B, and C˜c,0k(s = −iδ
(2)
k ) = C/D, (2.2.16)
where
A = (−i(δk + 0.5ωcb) + γ22 )
Ω1(x)
(δk + 0.5ωcb) + ∆1
−ip
√
γ1γ2Ω2(y)
2
(−i((δk + 0.5ωcb) + ∆2)(δk − 0.5ωcb),
C = (−i(δk − 0.5ωcb) + γ12 )
Ω2(y)
(δk − 0.5ωcb) + ∆2
−ip
√
γ1γ2Ω1(x)
2
(−i((δk − 0.5ωcb) + ∆2)(δk + 0.5ωcb),
B =
(γ2 − 2i(δk + 0.5ωcb))
2(∆21 − (δk + 0.5ωcb)2)
Ω1(x) +
(γ1 − 2i(δk + 0.5ωcb))
2(∆22 − (δk + 0.5ωcb)2)
Ω2(y)
− (δk + 0.5ωcb)
2
2
(γ1 + γ2) + i(δk + 0.5ωcb)[(δk + 0.5ωcb)2
−γ1γ2
4
(1 +
p2
(δk + 0.5ωcb)2 −ω2cb
)]
+ip
√
γ1γ2[
(δk + 0.5ωcb)((δk + 0.5ωcb)2 + ωcb(∆1 − ∆2)− ∆1∆2)
((δk + 0.5ωcb)2 − ∆21)((δk + 0.5ωcb)2 − ∆22)((δk + 0.5ωcb)2 −ω2cb)
],
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D =
(γ2 − 2i(δk − 0.5ωcb))
2(∆21 − (δk − 0.5ωcb)2)
Ω1(x) +
(γ1 − 2i(δk − 0.5ωcb))
2(∆22 − (δk − 0.5ωcb)2)
Ω2(y)
− (δk − 0.5ωcb)
2
2
(γ1 + γ2) + i(δk − 0.5ωcb)[(δk − 0.5ωcb)2
−γ1γ2
4
(1 +
p2
(δk − 0.5ωcb)2 −ω2cb
)]
+ip
√
γ1γ2[
(δk − 0.5ωcb)((δk − 0.5ωcb)2 + ωcb(∆1 − ∆2)− ∆1∆2)
((δk − 0.5ωcb)2 − ∆21)((δk − 0.5ωcb)2 − ∆22)((δk − 0.5ωcb)2 −ω2cb)
],
with
δk = νk − 0.5(ωbd + ωcd) = δ(1)k − 0.5ωcb = δ
(2)
k + 0.5ωcb,
is the SEP frequency corresponding to the vacuum mode k and atomic transi-
tion from the middle of the two intermediate levels |b〉 and |c〉 to lower level |d〉
with ωcb = ωc −ωb is the frequency difference of the two intermediate levels.
Case-II: Superposition of two SW fields Exy drives atomic transition |a〉 ↔ |b〉
In this case, we consider superposition of two SW fields, i.e., Exy = Ex + Ey
interacts with the atomic transition |a〉 ↔ |b〉 and the corresponding position
dependent Rabi frequency is given by
Ω(x, y) = Ω(x) + Ω(y), (2.2.17)
where, Ω(x) and Ω(y) are already defined in Eqs. (2.2.6) and (2.2.7), respec-
tively. The atomic transition |a〉 to |c〉 is driven by a strong driving field with
Rabi frequency Ω.
To find the 2D CPPD W(x, y) (2.2.5), we follow the same procedure as has been
described above and calculate |Cd,1k(x, y; t → ∞)|2. We obtain similar expres-
sions as in Eqs. (2.2.9-2.2.17), however, we replace Ω(x) and Ω(y) with Ω(x, y)
and Ω, respectively .
2.2.2 Results and Discussion
Previously, we have investigated the role of the detunings and phase shifts re-
lated with the SW fields to achieve single localization peak with high spatial
32
resolution in 1D. We have observed that precise position of the atom with high
spatial resolution (λ/100) could be obtained via detunings and phase shifts re-
lated with the SW fields. Here, we investigate the behavior of the 2D CPPD
W(x, y) (2.2.5) for different values of the detuning and phase related with the
driving fields. As the analytical expression for W(x, y) is rather cumbersome to
present therefore we present numerical results and show that how peak maxi-
mum depends on the system parameters. We present our analysis for two cases
(Case-I and Case-II) and study the behavior of 2D CPPD.
For Case-I
As mentioned earlier, we consider two SW fields which drive different atomic
transitions, see Fig.2.5(a). Initially, we consider that the wavelengths of the SW
fields are equal, i.e., κ1 = κ2 = κ3 = κ4 = κ and phase shifts related with
corresponding SW fields are zero, i.e., φ = ϕ = 0. In Fig. 2.6, we plot 2D CPPD
of the four-level atom versus normalized positions κx and κy for six different
values of the detuning ∆ = ∆1 = ∆2, i.e., (a) 0, (b) 2Γ, (c) 2.5Γ, (d) 3Γ, (e) 3.2Γ
and (f) 4Γ. The amplitudes of the position-dependent Rabi frequencies are Ω =
Ω1 = Ω2 = Γ while the decay rates are γ = γ1 = γ2 = 0.1Γ. The frequency
difference between the intermediate levels is ωcb = 0.1Γ. Here, Γ is the scaling
parameter. Further we also consider that the dipole matrix elements ~µbd and
~µcd are orthogonal, i.e., p = 0 and there is no quantum interference between the
spontaneously decaying channels. The corresponding density plots are given
in Figs. 2.7(a) to (f).
We note that when the SW fields are resonant to their corresponding atomic
transition then the atom is distributed in the first and third quadrants, almost a
flat position distribution, see Fig. 2.6(a). The CPPD gives no spatial information
of the atom. When we adjust the detuning parameters ∆ = 2Γ, large number of
spikes appears in all four quadrants of xy-plane, see Fig. 2.6(b). The precision
in the position of the atom is still not observed.
We further increase the value of detunings and observe some interesting fea-
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Figure 2.6: Plot of 2D CPPD W(x, y) versus normalized positions κx and κy with
p = 0 and ∆ = ∆1 = ∆2 is equal to (a) 0, (b) 2Γ, (c) 2.5Γ, (d) 3Γ,
(e) 3.2Γ and (f) 4Γ. The other parameters are Ω = Ω1 = Ω2 = Γ,
ωcb = 0.1Γ, δk = Γ, κ1 = κ2 = κ3 = κ4 = κ, φ = ϕ = 0 and
γ = γ1 = γ2 = 0.1Γ [45].
tures in the 2D CPPD. In Fig. 2.6(c) and (d), we obtained four crater-like struc-
tures for ∆ = 2.5Γ and 3Γ, respectively. These plots reflect that there are equally
probable positions of the atom in all four quadrants of the xy-plane having
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Figure 2.7: Density plot of 2D CPPD W(x, y) versus normalized positions κx
and κy in the xy plane. All the parameters in (a-f) are same as in
Figs. 2.6(a-f), respectively [45].
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a very poor spatial resolution. The spatial resolution is, however, improved
when the detuning corresponding to the SW fields become ∆ = 3Γ. The radii
of the craters reduce, and the 2D CPPD exhibits four well defined crater-like
patterns, see Fig. 2.6(d).
As we further increase the detuning, i.e., ∆ = 3.2Γ, the uncertainty in the po-
sition information of the single atom reduces and the 2D CPPD exhibits well-
defined atom localization peaks in the four quadrants, see Fig. 2.6(e). We can
observe that the atom localization peaks centered at (κx, κy) = (pi/2, pi/2) and
(κx, κy) = (−pi/2,−pi/2) are more probable as compared to atom localization
peaks at (κx, κy) = (−pi/2, pi/2) and (κx, κy) = (pi/2,−pi/2). Therefore, the
enhancement in spatial information of the single atom is enhanced via control
of detuning ∆. The precision in atom localization reduces when we further in-
crease the detunings. In Fig. 2.6(f), we observe broad atom localization peaks
centered at (κx, κy) = (pi/2, pi/2) and (κx, κy) = (−pi/2,−pi/2) for ∆ = 4Γ
having poor spatial resolution. The corresponding density plots for 2D CPPD
versus the normalized positions κx and κy exhibit more clearer picture of the
above analysis, see Fig. 2.7(a-f).
These results imply that the precision in the position information of the single
atom strongly depends on the detunings of the SW fields. The better spatial
resolution can be obtained for ∆1 = ∆2 = 3.2Γ. However, due to periodic nature
of the SW fields, there are two most and equally probable atom localization
peaks in the xy plane, i.e., in the first and third quadrant. Our objective now is
to reduce the number of atom localization peaks and get the unique position of
the atom inside the xy plane.
It has already been observed [57] that the spectral lines could be eliminated
if the dipole moments of corresponding transmissions are parallel, i.e., when
p = 1. Therefore, we consider that the dipole matrix elements ~µbd and ~µcd are
parallel which implies p = 1. In this case, the quantum interference between
the two spontaneous channels coupled to the vacuum reservoir occurs and is
maximum.
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Figure 2.8: Plot of 2D CPPD W(x, y) versus normalized positions κx and κy with
p = 1 and (a) κ1 = κ2 = κ3 = κ4 = κ and φ = ϕ = 0, (b) κ1 = 0.8κ,
φ = pi/4, ϕ = 0, (c) κ1 = κ3 = 0.8κ, φ = ϕ = pi/4 and (d) κ1 = κ3 =
0.8κ, φ = ϕ = −pi/4. The other parameters are same as in Fig. 2.6(e)
[45].
In Fig. 2.8, we plot 2D CPPD versus normalized positions κx and κy for p = 1
keeping the remaining parameters same as in Fig. 2.6(e). The two peaks in
second and fourth quadrants, which are present for p = 0, are completely
quenched due to quantum interference effect and 2D CPPD exhibits equally
probable atom localization peaks in the first and third quadrants only. The max-
ima of the localization peaks are at (κx, κy) = (pi/2, pi/2) and (−pi/2,−pi/2),
respectively, see Fig. 2.8(a).
Next, we analyze the role of the phase shifts φ and ϕ related with the SW fields.
We also consider that the wavelengths of the SW fields are slightly different.
First, we choose κ1 = 0.8κ and phase φ = pi/4 while the remaining parameters
are same as in Fig. 2.8(a). The amplitude of the localization peak which is
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Figure 2.9: Density of 2D atom localization: Plot of CPPD W(x) versus normal-
ized positions κx and κy in the xy plane. All the parameters in (a-d)
are same as in Figs. 2.8(a-d), respectively [45].
centered at (0.7pi, 0.7pi) decreases considerably as shown in Fig. 2.8(b). Next,
we select κ1 = κ3 = 0.8κ and phase shifts φ=ϕ = pi/4, we obtain single atom
localization peak in the third quadrant centered at (κx, κy) = (−0.7pi,−0.7pi)
with an enhanced spatial resolution, see Fig. 2.8(c). The localization peak is
shifted to the first quadrant when we select phase shifts as φ = ϕ = −pi/4.
Here we would like to mention that for these choices of parameters, atom can be
localized in the first or third quadrant of xy-plane centered at (0.7pi, 0.7pi) and
(−0.7pi,−0.7pi), respectively. However, these localization peaks can be shifted
to some other positions within the same quadrants by changing the parameters.
The spatial resolution of the peak is on the order of λ/10 and it changes slightly
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Figure 2.10: The CPPD W(x, y) is plotted versus normalized positions κx and
κy with p = 1 and ∆ = ∆1 = ∆2 is equal to (a) ∆ = 0, (b)∆ = 3Γ,
(c) ∆ = 4Γ and (d)∆ = 4.5Γ. The other parameters are Ω1 = Ω2 =
Ω = Γ, ωcb = 0.1Γ,δk = Γ,κ1 = κ2 = κ3 = κ4 = κ, φ = ϕ = 0 and
γ1 = γ2 = 0.1Γ [45].
with the changing of its position. In Figs. 2.9(a) to (d), we show density plots
of the 2D CPPD for the same parameters as in Figs. 2.8(a) to (d), respectively.
For Case-II
In this case, we consider superposition of two SW fields which are along x and
y-axis, i.e., Ex and Ey, couples the atomic transition |a〉 to |b〉, see Fig. 2.5(b). We
again assume same wavelengths of the SW fields, i.e., κ1 = κ2 = κ3 = κ4 = κ,
further, the phase shifts related with SW fields are equal to zero, i.e., φ = ϕ = 0.
In Fig. 2.10, we plot 2D CPPD W(x, y) versus normalized positions κx and κy
for four different values of field detuning ∆ = ∆1 = ∆2, i.e., (a) 0, (b) 3Γ, (c) 4Γ,
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Figure 2.11: Density of 2D atom localization: Plot of CPPD W(x, y) versus nor-
malized positions κx and κy in the xy plane. All the parameters in
(a-d) are same as in Figs. 2.10(a-d), respectively [45].
and (d) 4.5Γ. The remaining parameters are same as in Fig. 2.6(a).
For first choice of the detuning ∆ = 0, we do not observe atom localization,
see Fig. 2.10(a). As we increase the field detuning and select ∆ = 3Γ, the atom
localization can be observed and corresponding crater-like structures appear in
the first and third quadrants of xy plane, however, the spatial resolution is poor,
see Fig. 2.10(b). We can enhance the spatial resolution of the atomic position
when the field detuning ∆ is increased to 4Γ. The 2D CPPD W(x, y) displays
two equally probable atom localization peaks which are centered at (pi/2, pi/2)
and (−pi/2,−pi/2), see Fig. 2.10(c). To get a single atom localization peak we
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further increase the detuning ∆. The 2D CPPD exhibits a single atom localiza-
tion peak in the third quadrant of xy plane at (κx, κy) = (0.8pi, 0.8pi), see Fig.
2.10(d). The corresponding density plots of the 2D CPPD W(x, y) versus κx and
κy are plotted in Figs. 2.11(a-d).
2.2.3 Conclusion
In conclusion, we have investigated 2D atom localization in four-level diamond
configuration by using two OSW fields aligned along x- and y-directions. Here,
each SW field is constructed from the superposition of two SW fields along the
corresponding directions. We consider two cases, first by considering two OSW
fields driven different atomic transitions and second, the superposition of the
two OSW fields coupled the same atomic transition. We have shown that for
both cases, the resolution and precision of the single atom strongly depend on
the detunings and the phase shifts related with the SW fields. A single position
information about the atom is obtained in both cases for arbitrary choices of
these parameters. We would like to emphasize that for the second case when
superposition of two OSW fields have been considered, a better and much eas-
ier control over precision in 2D atom localization could be achieved as com-
pared to the first case. We have noticed that in the present scheme the atom is
localized in the first or third quadrant of xy-plane with a spatial resolution on
the order of λ/10. However, we feel that the atom can be localized in the other
quadrants of the xy-plane if a similar approach is followed as described in [30].
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CHAPTER 3
Two-dimensional atom localization
via probe absorption spectrum
In the previous chapter, we have suggested a scheme for atom localization in
one and 2D space via spontaneous emission measurement. However, the con-
trol of spontaneous emission is not easy, therefore, in this chapter, we propose a
scheme for 2D atom localization using absorption of the probe-field [22, 23, 25]
in a three-level Λ-type atomic system. This three-level atomic system which
interacts with a weak probe-field and a coherent SW field has already been
considered for 1D atom localization [22]. In this proposal, four equally prob-
able positions of the atom have been predicted by measuring the upper-level
population. The probability of finding the atom in a unit wavelength range is
further enhanced via control of phase related with the fields [23, 25].
Here, we investigate 2D subwavelength localization of an atom in a three-level
Λ-type absorptive system which is experimentally more viable and simple to
achieve. Reason being, it does not involve any control over the spontaneous
emission. We consider effect of the superposition of the standing wave fields on
2D atom localization. We emphasize that this scheme is very similar to three-
level EIT system which has been extensively studied theoretically and exper-
imentally [64] and we feel that the present scheme for 2D atom localization
would be of great interest for the researchers.
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Figure 3.1: (a) Schematics of the atom-field system; EIT configuration. The
position-dependent Rabi frequency Ω(x, y) corresponding to the
atomic transition from |a〉 to |c〉 is due to the superposition of two
standing wave fields, i.e., one is along x-direction and the second
is along y-direction. Each of these SW fields is constituted from su-
perposition of two SW fields in respective directions. The transition
from |a〉 to |b〉 is coupled via a weak probe field Ωp and γ1 and γ2
are the atomic decay rates [46].
3.1 Model and Equations
We consider a three-level Λ-type atomic system consists of an upper energy
level |a〉 and two closely lying lower energy levels |b〉 and |c〉 as shown in Fig.
3.1. The upper level |a〉 is coupled to lower levels |b〉 and |c〉 via a weak probe
field Ep and SW field Ex,y which is the superposition of two OSW fields, i.e.,
one is in the x-direction and second is along y-direction. However, each of
the SW fields, i.e., along x- and y-direction is again superposition of two SW
fields along the corresponding directions. The Rabi frequency corresponding
to the probe field Ep is Ωp = Epµab/2h¯ and position dependent Rabi frequency
corresponding to the SW field Ex,y is Ω(x, y) = Ex,yµac/2h¯ where µab and µac are
the dipole matrix elements corresponding to transitions |a〉 ↔ |b〉 and |a〉 ↔ |c〉
respectively.
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The Rabi frequency Ω(x, y) corresponding to the field Ex,y which is the super-
position of two SW fields Ex and Ey is defined as
Ω(x, y) = Ω(x) + Ω(y), (3.1.1)
with
Ω(x) = Ω1[sin(k1x + φ) + sin(k2x)],
Ω(y) = Ω2[sin(k3y + ϕ) + sin(k4y)], (3.1.2)
where ki = 2pi/λi (i = 1, 2, 3, 4) is the wave vector with wavelengths λi (i =
1, 2, 3, 4) of the corresponding SW fields. The parameters φ and ϕ are the phase
shifts related to the SW fields having wave-vectors k1 and k3, respectively.
The interaction picture Hamiltonian in the dipole, rotating-wave and RNA for
the proposed system can be written as
H = −h¯[Ωpei∆pt|a〉〈b|+ Ω(x, y)ei∆t|a〉〈c|+ H.c]. (3.1.3)
Here, ∆p = ωab − νp and ∆ = ωac − ν are the probe and SW field detunings
respectively.
Our aim is to obtain the spatial information of the atom via probe field absorp-
tion corresponding to atomic transition |a〉 → |b〉. To obtain this we calculate
optical susceptibility χ of the atomic system at the probe frequency which is
directly proportional to the off-diagonal density matrix element ρab and can be
written as
χ =
2N|µab|2
e0Ωph¯
ρab, (3.1.4)
where N is the atomic number density and e0 is the permittivity in free space.
Therefore, we now determine steady-state value of the off-diagonal density ma-
trix element ρab.
We follow density matrix approach [60] and calculate the equations motion for
the density matrix elements using Von Neumann equation
ρ˙ = − i
h¯
[H, ρ]− 1
2
{Γ, ρ} , (3.1.5)
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where {Γ, ρ} = Γρ + ρΓ and Γ is the relaxation matrix, which can be defined as
〈m|Γ|n〉 = γnδmn. The corresponding density matrix equations are calculated
as
ρ˙ab = i[Ωpei∆ptρbb + Ω(x, y)ei∆tρcb]− γ1ρab,
ρ˙cb = i[Ω(x, y)e−i∆tρab −Ωpei∆ptρca]− γ2ρcb,
ρ˙ac = i[Ωpei∆ptρbc + Ω(x, y)ei∆t(ρcc + ρaa)]− γ2ρac.
(3.1.6)
Following the same approach as has been done in [60] for EIT, we derive the
analytical expression for ρab with the assumption that the probe field is weak.
We consider the polarization of the atomic system to lowest order in Ep and
all orders in the SW driving fields and therefore keep linear terms only in the
probe field. The atom is initially in the ground state |b〉 therefore,
ρ
(0)
bb = 1, ρ
(0)
aa = ρ
(0)
cc = ρ
(0)
ca = 0. (3.1.7)
We transform the rate equations to appropriate rotating frame using following
substitutions
ρab = ρ˜abei∆pt, ρcb = ρ˜cbe
−i(∆−∆p)t.
Hence we obtain the following new rate equations for the corresponding den-
sity matrix elements
˜˙ρab = −(i∆p + γ1)ρ˜ab + iΩ(x, y)ρ˜cb + iΩp,
˜˙ρcb = (i(∆− ∆p)− γ2)ρ˜cb + iΩ(x, y)ρ˜ab (3.1.8)
which forms the matrix equation
R˙ = −MR + C, (3.1.9)
where
R =

 ρ˜ab
ρ˜cb

 ,
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M =

 (i∆p + γ1) −iΩ(x, y)
−iΩ(x, y) −[i(∆− ∆p)− γ2]

 ,
and
C =

 iΩp
0

 ,
The solution of Eq. (3.1.9) gives R = M−1C which gives
ρab =
iΩp(γ2 + i(∆p − ∆))
Ω2(x) + (γ1 + i∆p)(γ2 + i(∆p − ∆)) , (3.1.10)
and the linear susceptibility χ at the probe frequency can therefore be calcu-
lated using Eq. (3.1.4), which consist of both real and imaginary parts i.e.,
χ = χ
′
+ iχ
′′
. The absorption of the probe field is related to imaginary part
of the susceptibility, which can be written as
χ
′′
= β
γ1(∆p − ∆)2 + γ2(Ω2(x, y) + γ1γ2)
(γ2∆p + γ1(∆p − ∆))2 + (Ω2(x, y) + γ1γ2 − ∆p(∆p − ∆))2 , (3.1.11)
where β = 2N|µab|2/2h¯e0.
It is clear from Eq.(3.1.11) that absorption of the probe field depends on the po-
sition dependent Rabi frequency Ω(x, y) therefore, imaginary part of the sus-
ceptibility gives the spatial information of the atom [23, 25].
3.2 Results and Discussion
The schematics of the atom-field interaction shown in Fig. 3.1 is an EIT con-
figuration which can be understood more clearly when the combination of
SW fields with corresponding position-dependent Rabi frequency Ω(x, y) is re-
placed with a simple driving field with corresponding Rabi frequency Ω. We
know that this EIT system exhibits interesting dispersion-absorption properties
which can be studied via the optical susceptibility χ of the atomic medium. The
real part of the susceptibility gives the dispersion behavior of the system and
imaginary part exhibits absorption profile of the probe field when it propagates
through the EIT medium [60].
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We investigate the role of imaginary part of the susceptibility Eq.(3.1.11) of the
optical susceptibility in 2D single localization. The Eq. (3.1.11) reflects that the
absorption of the probe field is related to the intensities of the SW fields and
detunings of the probe and SW fields. Using Eq. (3.1.11), we can observe that
the maxima of the probe absorption occurs when the probe field detuning ∆p
satisfies the condition
∆p =
∆
2
± 1
2
√
∆2 + 4(γ1γ2 + Ω2(x, y)). (3.2.1)
Here, we would like to mention that the analytical expression of the conditional
position probability in xy-plane corresponding to the probe field absorption is
rather cumbersome to obtain. Hence, we follow the numerical approach and
analyze the 2D CPPD of the atom using χ
′′
.
Initially, we study the behavior of the CPPD for rather simple choices of wave-
lengths parameters, i.e., k1 = k2 = k3 = k4 = κ which means wavelengths
of all SW fields are the same. Similarly, we consider that the phase shifts as-
sociate with corresponding SW fields are zero, i.e., φ = ϕ = 0. Further, the
two decay rates γ1 and γ2 are very small as compared to the amplitude of the
position-dependent Rabi frequency, i.e., γ1 = γ2 = 0.1Γ and Ω1 = Ω2 = Ω = Γ
while keeping ∆ = 0 (resonant atomic transition |a〉 ↔ |c〉) and β = Γ (Γ be
the scaling parameter). The objective here is to study the behavior of 2D atom
localization with varying probe field detuning ∆p.
In Fig. 3.2, we plot the χ
′′
versus normalized position κx and κy where k1 =
k2 = k3 = k4 = κ for six different values of the probe field detuning, i.e., ∆p is
equal to (a) 0, (b) 2Γ, (c) 3Γ, (d) 4Γ, (e) 6Γ and (f) 10Γ. The plots show that 2D
atom localization depends on the detuning of probe field. For the case (a) the
2D CPPD exhibits a uniform position distribution.
We note that for zero probe field detuning the atom is uniformly distributed in
2D space over the wavelength range of the SW along x and y direction. This
is due to the fact that the atom exhibits a peak at ∆p = 0 for any value of Rabi
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Figure 3.2: Plots for 2D atom localization: χ
′′
versus the normalized positions
κx and κy for different values of the detuning ∆p (a) ∆p = 0, (b)
∆p = 2Γ, (c) ∆p = 3Γ, (d) ∆p = 4Γ, (e) ∆p = 6Γ and (f) ∆p = 10Γ.
The other parameters are Ω1 = Ω2 = Ω = Γ, ∆ = 0, k1 = k2 = k3 =
k4 = κ, φ = ϕ = 0, γ1 = γ2 = 0.1Γ and β = Γ where Γ is the scaling
parameter [46].
frequencies Ω1 = Ω2, and hence for all values of κx and κy. The heights of the
peaks for all values of position are the same and we therefore obtain a uniform
position distribution across diagonals, see Fig. 3.2(a). Thus the CPPD provides
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Figure 3.3: Density plot of 2D atom localization: Plot of χ
′′
versus κx and κy in
xy-plane. All the parameters in (a-d) are same as in Fig. 3.2(a-d),
respectively [46].
no information about the atom localization when ∆p = 0.
However, as we further increase the detuning of the probe field ∆p, the plots
of χ
′′
exhibit interesting features. Plots of χ
′′
for different values of ∆p, i.e.,
equal to (b) 2Γ, (c) 3Γ, (d) 4Γ, (e) 6Γ and (f) 10Γ are presented in Fig. 3.2(b-f).
We observe that as ∆p becomes 2Γ two craters like structures start appearing
in the first and third quadrant of the xy-plane, see Fig. 3.2 (b). However, still
the information about the position of the atom in xy-plane is ambiguous. The
picture, however, becomes more promising for ∆p = 3Γ, where the radii of the
craters are reduced as shown in Fig. 3.2 (c). We observe two well-defined atom
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localization peaks in the first and third quadrant of the xy-plane for ∆p = 4Γ,
see Fig. 3.2 (d). These localization peaks correspond to the resonance condition
which occurred for ∆p = 4Γ. A further increase in ∆p reduces the precision in
2D atom localization, see Fig. 3.2 (e) and (f) where the amplitude of the localiza-
tion peaks reduces considerably, i.e., with the order 10−2 and 10−3, respectively,
almost a flat position distribution over the entire space as compared to the case
in (d).
From above observation, we can understand the role of probe field detuning ∆p
on enhancement in spatial measurement of the single atom in 2D xy-plane. For
∆p = 4Γ two equally probable localization peaks for a single atom with a better
spatial resolution are obtained. To obtain a more clear picture about maxima
of these localization peaks in xy-plane we show density plots of the 2D CPPD
(χ
′′
) for ∆p is equal to (a) 0, (b) 2Γ, (c) 3Γ and (d) 4Γ, see Fig. 3.3. For the best
2D localization, see Fig 3.3(d), in xy-plane, we observe that the maxima of the
peaks lie at positions (pi/2, pi/2) and (−pi/2,−pi/2).
As we have been observed that precision position measurement of the single
atom in xy-plane depends on probe field detuning, however, because of the
periodic nature of the position-dependent Rabi frequency Ω(x, y), the best 2D
atom localization suffers the problem of getting more than one probable po-
sition. To reduce this ambiguity and to localize the atom at a single position
in xy-plane, we look for the role of other parameters like phases φ and ϕ re-
lated with the SW fields as shown in (3.1.2). We also consider slightly different
wavelengths corresponding to the wave-vectors k1 and k3.
As a first step, we select k1 = 0.8κ and phase φ = pi/6 while the other parame-
ters are the same as in Fig. 3.2(d). The corresponding plot of 2D CPPD versus
κx and κy is shown in Fig. 3.4(a). The plot shows that amplitude of one of the
localization peak (at −pi/2,−pi/2) decreases considerably. A second choice of
the parameters are k1 = k3 = 0.8κ and φ = ϕ = pi/6 while the remaining
parameters are same as in Fig. 3.2(d). In this case we observe a unique atom
localization peak the maxima of which is at (pi/2, pi/2), see Fig. 3.4(b). The
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Figure 3.4: (Top) Plot of χ
′′
versus normalized positions κx and κy with probe
detuning ∆p = 4Γ and (a) k1 = 0.8κ, φ = pi/6, ϕ = 0 and (b) k1 =
k3 = 0.8κ, φ = ϕ = pi/6. The remaining parameters are same as in
Fig. 3.2(d). (Bottom) Density plots for similar choices of parameters
as in top [46].
corresponding density plots of the 2D CPPD for the same parameter are shown
in Fig. 3.4(c) and (d), respectively.
As mentioned previously the proposed three-level atom-field system for 2D
atom localization is a simple system which can be realized experimentally. In
1995, Ki and Xiao have proposed EIT in three-level Λ-type system using ru-
bidium atoms [48]. Later another experimental study has been performed by
Wang et al. [49] to observe EIT via bichromatically coupled three-level Λ system
in cold rubidium atoms and we consider this study for a possible experimental
realization of our 2D localization setup. The schematic of the atom-field system
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Figure 3.5: Possible experimental scheme using D2 line of 87Rb.
is presented in Fig. 3.5, which is the same as has been presented in [49], and
assume 5S1/2 − 5P3/2 transition of D2 line in 87Rb [65]. The weak probe field
excites the |5S1/2, F = 2〉↔|5P3/2, F = 2〉 transition and superposition of two
SW fields couples the |5S1/2, F = 1〉↔|5P3/2, F = 2〉 transition. We take same
experimental values as has been used in the experiment [49]. Therefore, the
amplitudes of the Rabi frequencies are selected as Ω1 = Ω2 = 2.3Γ(Γ = 6MHz)
while the corresponding probe field detuning is ∆p = 9.2Γ. The two decay
rates are γ1 = γ2 = 0.5Γ whereas the remaining parameters are considered
same as in Fig. 3.4(b). We observe two localization peaks in 2D space which
are centered at (pi/2, pi/2) and (−pi/2,−pi/2), see Fig. 3.6(a). However, due to
the low magnitude of the atom localization peak in the third quadrant the most
probable 2D atom localization occurs in the first quadrant. This is more clear in
the density plot presented in Fig. 3.6(b). We also observe that for these choices
of experimental parameters the spot size of the localization peak is larger than
our theoretical results. However, when we make slight change in the values of
the parameters and choose Ω1 = Ω2 = 4Γ with the corresponding probe field
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Figure 3.6: Plot of χ
′′
versus normalized positions κx and κy with decay rates
γ1 = γ2 = 0.5Γ with (a) Ω1 = Ω2 = 2.3Γ, ∆p = 9.2Γ [with corre-
sponding density plot is in (b)] and (c) Ω1 = Ω2 = 4Γ, ∆p = 16Γ
[with corresponding density plot is in (d)]. All other parameters are
the same as in Fig. 3.4(b) [46].
detuning ∆p = 16Γ while keeping the other parameters unchanged the atom
localization plot in Fig. 3.6(c) exhibits almost similar result as observed in Fig.
3.4(b). The corresponding density plot is presented in Fig. 3.6(d).
3.3 Conclusion
We have proposed a scheme for 2D localization of a moving atom using a three-
level Λ-type atom-field configuration based on probe absorption. The atom-
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field configuration is similar to a three-level EIT system where one of the atomic
transition is governed by a probe field and the other atomic transition is driven
by superposition of two OSW fields aligned x and y-direction. Each of the SW
field is again constructed from the superposition of two SW fields along the
corresponding directions. We have observed that the precision and resolution
of 2D atom localization strongly depends on the phases related with the SW
fields and probe field detuning. On the basis of theoretical model, we have
noticed that spatial information of the moving atom could be done in 2D, i.e.,
xy-plane for arbitrary choices of these parameters along with slightly different
wavelengths of SW fields. The main advantage of this scheme is that the pro-
posed scheme does not require the control over spontaneous emission, which is
a drawback in some of the earlier proposals. To validate our theoretical model
with existing experiments, we have considered one of the experimental scheme
dealing with bichromatic EIT in cold rubidium atoms (87Rb). The results based
on the experimental values have a good agreement with our theoretical calcu-
lations.
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CHAPTER 4
Two-dimensional atom localization
via coherent manipulation of the
Raman gain process
It has already been noticed that in a four-level atom-field system with N-type
configuration, the RGP can be coherently controlled [50]. In this system, four
level atom interacts with a pump, control and a weak probe field. This atom-
field system is experimentally more viable and has been suggested for superlu-
minal pulse propagation in 23Na condensate [50]. Further, this system has also
been explored for 1D atom localization [32] by considering both the pump and
control fields as SW. A high enhancement in spatial information of the single
atom has been noticed for certain choices of phase shifts.
In this chapter, we use similar N-type atom-field configuration for atom local-
ization in 2D xy-plane and obtain enhancement in spatial information of the
single atom via coherent manipulation of the Raman-gain process. We consider
that each SW field is constructed from the superposition of two OSW fields
along x- and y-directions. We expect a single atom localization peak in xy-plane
with a better precision within optical wavelength.
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Figure 4.1: Schematic of the atom-field system. Here, Ω1(x, y) and Ω2(x, y) are
the position-dependent Rabi frequencies corresponding to |a〉 ↔ |d〉
and |b〉 ↔ |c〉 transitions. A weak probe field couples atomic transi-
tion |a〉 to |c〉 with corresponding Rabi frequency Ωp [47].
4.1 Model and Equations
We consider a four-level atom with N-type atom-field configuration as depicted
in Fig. 4.1. The atomic transitions |a〉 ↔ |d〉 and |b〉 ↔ |c〉 are driven by the
SW fields E1(x,y) and E2(x,y), respectively. Each SW field is constructed from the
superposition of two OSW fields, i.e., one is along x-direction and other is in
y-direction. The corresponding Rabi frequencies are Ω1(x, y) = E1(x,y)µad/2h¯
and Ω2(x, y) = E2(x,y)µbc/2h¯ where µad and µbc are the dipole matrix elements
corresponding to the atomic transitions |a〉 ↔ |d〉 and |b〉 ↔ |c〉. A weak probe
field with Rabi frequency Ωp drives |a〉 to |c〉 transition.
As each SW field is obtained from the superposition of two OSW fields, so the
corresponding position-dependent Rabi frequencies are defined as
Ω1(x, y) = Ω1[sin(k1x) + sin(k2y)], (4.1.1)
Ω2(x, y) = Ω2[sin(k3x + φ) + sin(k4y + ϕ)], (4.1.2)
where, ki = 2pi/λi (i = 1, 2, 3, 4) is the wave vector with wavelength λi (i =
1, 2, 3, 4) of the corresponding SW field. The parameters φ and ϕ are the phase
shifts related to the SW fields having wave-vectors k3 and k4, respectively.
The interaction Hamiltonian for the proposed system under the dipole, rotating-
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wave and RNA approximation can be written as
H = − h¯
2
[Ω1(x, y)e−i∆1t|a〉〈d|+ Ω2(x, y)e−i∆2t|b〉〈c|+ Ωpe−i∆pt|a〉〈c|+ H.c.].
(4.1.3)
Here, ∆p = ωac − νp, ∆1 = ωad − ν1 and ∆2 = ωbc − ν2 are the probe and SW
fields detunings, respectively. The equations of motion using density matrix
approach for the atom-field system can be written as
˙ρaa =
i
2
(Ω1(x, y)ρda + Ωpρca − c.c.)− (γda + γca)ρaa,
˙ρbb =
i
2
(Ω2(x, y)ρcb − c.c.)− (γcb + γdb)ρbb,
˙ρdd =
i
2
(Ω1(x, y)ρad − c.c.)− γdaρaa − γdbρbb,
˙ρbc = [i∆2 − Γbc]ρbc + i2Ω2(x, y)(ρcc − ρbb)−
i
2
Ωpρba,
˙ρac = [i∆p − Γac]ρac + i2Ωp(ρcc − ρaa)
+
i
2
Ω1(x, y)ρdc − i2Ω2(x, y)ρab,
˙ρad = [i∆1 − Γad]ρad + i2Ω1(x, y)(ρdd − ρaa) +
i
2
Ωpρcd,
˙ρdc = [i(∆p − ∆1)− Γdc]ρdc + i2Ω1(x, y)ρac −
i
2
Ωpρda
− i
2
Ω2(x, y)ρdb,
˙ρab = [i(∆p − ∆2)− Γab]ρab + i2(Ω1(x, y)ρdb + Ωpρcb
−Ω2(x, y)ρac),
˙ρbd = [i(∆1 + ∆2 − ∆p)− Γbd]ρbd + i2(Ω2(x, y)ρcd
−Ω1(x, y)ρba), (4.1.4)
where, γmn(m ∈ c, d, n ∈ a, b) is the spontaneous decay rate from the upper
levels |a〉 and |b〉 to the ground levels |c〉 and |d〉 whereas Γij, (ij ∈ a, b, c, d, i 6=
j) are the decay rates from |a〉 → |d〉, |a〉 → |b〉, |b〉 → |d〉, and |a〉 → |c〉,
respectively, except Γdc which is the collisional relaxation rate.
We know that the gain and dispersion properties of the atomic system can be
observed from optical susceptibility χ [50]. Further, we need expression for
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gain profile of the atomic system to obtain the position information of the atom
[32], therefore in the following we calculate χ for the system shown in Fig. 4.1.
Our aim here is to obtain 2D atom localization using optical susceptibility χ
at the probe frequency. This can be done by calculating off-diagonal density
matrix element ρac which is directly proportional to χ which can be written as
χ =
2N|µac|2
Ωph¯
ρac, (4.1.5)
where N is density of the atoms.
The final expression for optical susceptibility χ of our proposed system with the
condition that atom is initially prepared in the ground state |c〉 can be calculated
as [32, 50]
χ =
3Nc3
4ω3ac
Ω21(x, y)D, (4.1.6)
where c is the velocity of light, ωac is the angular frequency corresponding to
the atomic transition |a〉 ↔ |c〉 and D is given by
D =
−i
A
[
2Γad[Γab − i(∆p − ∆2)]
(γda + γca)(Γ
2
ad + ∆
2
1)
+
[Γab − i(∆p − ∆2)][Γbd − i(∆p − ∆1 − ∆2)]− |Ω2(x, y)|2/4
(Γad + i∆1)
[
[Γdc − i(∆p − ∆1)][Γbd − i(∆p − ∆1 − ∆2)] + |Ω2(x, y)|2/4
] ],
(4.1.7)
with A = (Γac − i∆p)[Γab − i(∆p − ∆2)] + |Ω2(x, y)|2/4.
The optical susceptibility χ is a complex quantity and consists of real and imag-
inary parts i.e., χ = χ
′
+ iχ
′′
. The real part gives the dispersion and imaginary
part of the optical susceptibility exhibits the gain profile. The position proba-
bility distribution of the atom is directly related to the gain profile of the atomic
medium therefore we define imaginary part of susceptibility as follows
χ
′′
= βΩ21(x, y)
[
α1(α
2
2 + α
2
3)(α5α8 + α4α9) + 2Γad(α
2
8 + α
2
9)α2Γab + α3(∆p − ∆2)
α1(α
2
2 + α
2
3)(α
2
8 + α
2
9)
]
,
(4.1.8)
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where, β = 3Nc3/(4ω3ac) and the αi’s are calculated as
α1 = (γda + γca)(Γ
2
ad + ∆
2
1),
α2 = ΓacΓab − ∆p(∆p − ∆2) + (Ω22(x, y)/4),
α3 = Γab∆p + Γac(∆p − ∆2),
α4 = Γbd(∆p − ∆2)− Γab(∆p − ∆1 − ∆2),
α5 = ΓabΓbd + (∆2 − ∆p)(∆p − ∆1 − ∆2)− (Ω22(x, y)/4),
α6 = ΓdcΓbd + (∆p − ∆1)(∆p − ∆1 − ∆2) + (Ω22(x, y)/4),
α7 = Γbd(∆p − ∆1) + Γdc(∆p − ∆1 − ∆2),
α8 = (Γadα6 + ∆1α7)α2 − (Γadα7 − ∆1α6)α3,
α9 = −(Γadα6 + ∆1α7)α3 − (Γadα7 − ∆1α6)α2.
4.2 Results and Discussion
We know that in a four-level N-type atomic system the RGP can be coherently
control. The control field splits the single gain peak into doublet and anoma-
lous dispersion is produced in the region between the gain peaks, see [50] for
detail analysis. As mentioned before, the same system has also been used for
1D atom localization using pump and control fields as SW fields [32]. Here we
are interested to get the position information about the atom in 2D space using
OSW fields. Therefore, we consider two SW fields as pump and control fields
whose corresponding position-dependent Rabi frequencies are given by Eqs.
(4.1.1) and (4.1.2). From Eqs. (4.1.6-4.1.8), it is clear that imaginary part of the
susceptibility (χ
′′
) is position-dependent. Therefore, the 2D position probabil-
ity distribution of the four-level atom in N-type configuration can be obtained
via probe field gain for different choices of the probe field detuning. The Ra-
man gain in the probe field depends on certain controllable parameters such
as detunings, amplitudes and phase shifts related to the SW fields and probe
field detuning. In the following, we analyze the Eq. (4.1.8) to obtain the spa-
tial information of the atom in 2D xy plan. First, we consider influence of the
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Figure 4.2: Plot of χ
′′
versus normalized positions κx and κy for (a) ∆p = 50γ
[with the corresponding density plot in (d)], (b) ∆p = 49.5γ [with
the corresponding density plot in (e)] and (c) ∆p = 49γ [with the
corresponding density plot in (f)]. The other parameters are Ω1 =
Ω2 = 10γ, ∆1 = 51γ, ∆2 = 50.5γ, Γbc = Γbd = Γac = Γad = 2.01γ,
Γab = 4.01γ, Γdc = 0.01γ, γda = γca = γcb = γdb = 2γ and β = 2γ
[47].
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probe field detuning on 2D CPPD of the atom. We consider that the wave-
lengths of the SW fields are same, i.e., k1 = k2 = k3 = k4 = κ = 2pi/λ and
the corresponding wave shifts φ and ϕ are zero. In Fig. 4.2, we plot χ
′′
ver-
sus normalized position κx and κy within the unit optical wavelength range.
For pump field detuning ∆1 = 51γ and control field detuning ∆2 = 50.5γ,
we choose ∆p is equal to (a) 50γ, (b) 49.5γ and (c) 49γ. Here γ is the scal-
ing parameter and we use it for simplicity. The other parameters are β = 2γ,
Ω1 = Ω2 = 10γ, Γbc = Γbd = Γac = Γad = 2.01γ, Γab = 4.01γ, Γdc = 0.01γ,
γda = γca = γcb = γdb = 2γ. The plot shows that the enhancement in the
position of a single atom in 2D strongly depends on the probe field detuning.
We note that for the first case when the probe field detuning is equal to 50γ,
two craters like structures emerge in the first and third quadrant of the xy-
plane as shown in Fig. 4.2(a). Clearly, the 2D position distribution does not
give spatial information of the atom. As we reduce the probe field detuning
and select ∆p = 49.5γ, the radii of the craters also reduce, see Fig. 4.2(b), still
the spatial information of the atom is very poor. However, atom localization
occurs in 2D xy-plane when we select ∆p = 49γ. For this choice of probe field
detuning, craters like structures transform into well-defined atom localization
peaks in the 2D CPPD. We detect two localization peaks in the first and third
quadrant of the xy plan with much better spatial resolution. The maxima of
the localization peaks lie at (pi/2, pi/2) and (−pi/2,−pi/2) of xy-plane, see Fig.
4.2(c). The corresponding density plots are in Fig. 4.2 (d-f).
As from the above analysis, we note that the probe field detuning has signif-
icant effect on spatial resolution of the single atom in 2D space. We obtained
best 2D localization for ∆p = 49γ where two narrow and well-defined atom
localization peaks appear in xy-plane of the CPPD, χ
′′
. However, there are two
equally probable atom localization peaks in the xy-plane within a unit wave-
length range, i.e., in the first and third quadrant due to the periodic nature of
the SW fields.
we have shown in previous chapters that for slightly different wavelengths of
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Figure 4.3: Plot of χ
′′
versus normalized positions κx and κy for k3 = k4 = 0.8κ
and (a) φ = 0, ϕ = pi/8 [with the corresponding density plot in (e)],
(b) φ = ϕ = pi/8 [with the corresponding density plot in (f)], (c)
φ = pi/8, ϕ = pi/4 [with the corresponding density plot in (g)], and
(d) φ = ϕ = pi/4 [with the corresponding density plot in (h)]. The
other parameters are same as in Fig. 4.2(c) [47].
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the SW fields it is possible to reduce the number of equally probable atom lo-
calization peaks by adjusting phase shifts related to the SW fields. Therefore in
the following, we study the role of the phase shifts φ and ϕ corresponding to
the SW fields on the 2D atom localization for slightly different wavelengths of
the SW fields.
We choose k3 = k4 = 0.8κ and φ = 0 and ϕ = pi/8 while the remaining
parameters are same as in Fig. 4.2(c) and the corresponding 2D CPPD, χ
′′
ver-
sus normalized positions κx and κy is shown in Fig. 4.3(a). We see that the
amplitude of one of the gain peak located in the third quadrant of xy-plane
reduces considerably. The amplitude of this peak further decreases for phase
shifts φ = ϕ = pi/8 and the probability of finding the atom in first quad-
rant becomes much higher as compared to third quadrant of the xy-plane see
Fig.4.3(b). In 4.3(c), for φ = pi/8 and ϕ = pi/4, the atom localization peak
in the third quadrant is almost quenched. We observe single localization peak
for the atom at position (2pi/5, 2pi/5) for φ = ϕ = pi/4, see Fig. 4.3(d). The
corresponding density plots are shown in Fig. 4.3 (e-h).
4.3 Conclusion
In this scheme, we have proposed 2D atom localization using four-level N-
type atomic system exhibiting RGP. We have considered two SW fields as pump
and control fields along with a weak probe field interacting with the atom to
achieve N-type atom-field configuration exhibits RGP. We have assumed that
each SW field has been constructed from the superposition of two OSW fields,
i.e., along x- and y-direction. The control of the RGP leads to atom localization
in 2D xy-plane. The imaginary part of the optical susceptibility (χ) gives 2D
CPPD of the atom. The plots of χ
′′
= Im[χ] versus normalized positions κx
and κy exhibited atom localization peaks in the 2D xy-plane. We have observed
that the probe field detuning and the phase shifts play an important role in
2D atom localization. As a result, we have noticed single localization peak for
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the atom within a unit wavelength range of the optical field and the spatial
resolution has been observed of the order of λ/10. As mentioned earlier, this is
an experimentally viable scheme and can be used for 23Na condensate [50]
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CHAPTER 5
Summary
In this Ph.D. thesis research work, we present some experimentally viable schemes
for single atom localization in one- and two-dimensional space (1D and 2D
atom localization). We have considered three different mechanism to calcu-
late CPPD, i.e., spontaneous emission, probe absorption and RGP. We have
observed that enhancement in position of the single atom can be controlled
via detuning [21] and phase shifts related to the SW fields [29, 32] and probe-
field detuning [22]. We have investigated the role of the detunings and phase
shifts for single atom localization and observed unique spatial information of
the atom in 1D and 2D space. We have considered different atomic systems for
atom localization, i.e., four-level diamond-type atomic system [56, 58] for 1D
and 2D atom localization, three-level Λ-type EIT configuration [22] and four-
level N−type Raman gain system [32, 50] to observe single atom localization in
2D space.
In chapter 2, we have considered a four-level system with diamond configu-
ration. We have considered that the intermediate levels were coupled to an
upper-level via two SW fields with slightly different frequencies whereas quan-
tum coherence was generated between the intermediate levels via upper-level
(Raman-drive coherence via auxiliary level). The spontaneous emission due to
atomic decay from one of the intermediate levels to the ground-level occurred.
Due to the presence of SW field, the atom-field interaction became position-
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dependent and the SEP carried the spatial information of the atom. First, we
have studied the effect of detunings on the atom localization and observed that
detuning has enhanced spatial resolution of the atom. Initially, we have no-
ticed four localization peaks with equal probability having a spatial resolution
of around λ/100. Our aim was to reduce these localization peaks and for this,
we have considered the role of the phase shifts related to the SW fields. We
have observed that for certain values of the phase shifts related to SW fields the
enhancement in spatial information of the single atom has increased and the
number of localization peaks decreased. We have obtained single atom local-
ization peak with much high spatial resolution, i.e., on the order of λ/100.
Next, we have used the same scheme to obtain 2D atom localization by incorpo-
rating two OSW fields acting along x and y direction. We have considered two
cases, i.e., in the first case, the OSW fields having slightly different wavelengths
coupled to different atomic transitions whereas in the second case, superposi-
tion of two OSW fields with same wavelength have been considered to drive
one atomic transition. We have also considered that each SW field was obtained
from the superposition of two SW fields along their corresponding directions.
For the first case with no quantum interference, we have investigated the effect
of detunings of the SW fields on 2D CPPD. For resonant condition, we do not
observe atom localization, however, for non zero and small values of detun-
ing crater- and spike-like structures appeared in the 2D CPPD which converted
into well-defined four localization peaks in 2D xy plane with different proba-
bilities for large enough values of detunings. A further increase in detunings
resulted in the form of two broad localization peaks with very poor resolution.
To see the effect of quantum interference, we have considered nonzero value of
the quantum interference parameter without changing the values of any other
parameter. We have observed that in the presence of quantum interference plot
of 2D CPPD exhibited two atom localization peaks which are located in the first
and second quadrants of the xy plane. We have noticed that only one atom lo-
calization peak appeared in the 2D CPPD when slightly different wavelengths
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of the SW fields were considered with certain values of phase shifts related
to the SW fields. A similar analysis has been done for the second case with
nonzero quantum interference effect. Here, we have observed that single atom
localization peak appeared in 2D space via control of the detunings only, i.e.,
there is no difference in wavelengths of the SW fields and phase shifts were
zero. This implied that we can have a better and much easier control over 2D
atom localization as compared to the first case.
In chapter 3, we have considered 2D atom localization in a three-level Λ-type
atomic system. The same system has also been used for 1D atom localization
based on measurement of the upper-level population [22]. We have employed
the same scheme for 2D atom localization via probe absorption spectrum. The
atom interacts with a weak probe-field and superposition of the two OSW fields
where each SW field was constituted from the superposition of two SW fields
in the respective direction. We have observed that no localization occurred for
resonant interaction of the atom with the probe field, however, as soon as probe
detunings increased, interesting craters- and spikes-like structures appeared in
2D CPPD. These structure converted into well-defined two localization peaks
for certain choice of the probe detuning. Due to periodic nature of the SW fields,
the two localization peaks were equally probable. The atom was localized at
the anti-nodes of the SW fields in the first and third quadrants of the xy plane.
We have also noticed that with further increase in probe detuning the 2D atom
localization deteriorated. To obtain a single atom localization peak, we have
considered slightly different wavelengths and phase shifts related to SW field
which resulted in complete disappearance of the localization peaks in the third
quadrant. In order to verify our results, we have also considered the same
parameters as were used for EIT experiment [49] and observed same results.
In chapter 4, we have used N-type atomic system for 2D atom localization and
spatial information of the atom was obtained via coherent manipulation of the
RGP. The motivation comes from the earlier work where this four-level atomic
system has been used to observe superluminal light propagation [50] and 1D
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atom localization [32]. In this system, the atom interacts with a pump, control
and a weak probe-field. We have used this scheme for 2D atom localization by
considering both the pump and control field as a SW. We considered that each
SW field is constructed from the superposition of two OSW fields along the x
and y directions. The spatial information of the atom in xy plane has been ob-
tained from the imaginary part of the Raman susceptibility. We again observed
craters- and spike-like pattern by controlling the probe-field detuning and sin-
gle spatial information of the atom in 2D space was obtained by considering
slightly different wavelengths and phase shifts related to SW field.
In conclusion, the research work carried out in this PhD thesis is theoretical,
however, for possible experimental realization we suggest that 87Rb atom in a
diamond [62, 63] and Λ-type atom-field configuration [48, 49] can be used. The
corresponding energy levels for diamond-type configuration can be considered
as |a〉 = |5D3/2, F = 1〉, |b〉 = |5P3/2, F = 2〉, |c〉 = |5P1/2, F = 1〉 and |d〉 =
|5S1/2, F = 1〉. The 1D and 2D atom localization in diamond-type configuration
is based on spontaneous emission and due to position dependent atom field
interaction, the SEP carries the information about the position of the atom. The
SEP is recorded by using 4pi detector.
For three-level Λ-atomic system, where we have considered atom localization
in 2D xy plane via probe absorption. Initially, we have plotted the results using
theoretical model, however, in the second part we have selected the experi-
mental model [49] and considered 87Rb atom. For this experimental model, the
corresponding energy levels are |a〉 = |5P3/2, F = 2〉, |a〉 = |5S1/2, F = 2〉 and
|a〉 = |5S1/2, F = 1〉. We have also selected same values for different param-
eters as were used in [49]. We have found that results based on values of the
parameters selected theoretically in the intial part are in complete agreement
with the results based on values of the parameters taken from the experimental
model [49]. This shows that a possible experiment for 2D atom localization via
probe absorption can be done.
For N-type system, 23Na condensate can be used where the lower two levels
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can be chosen as |d〉 = |5S1/2, F = 1〉 and |c〉 = |5S1/2, F = 1〉 and the upper
two levels can be considered as |a〉 = |5P1/2, F = 1〉 and |b〉 = |5P3/2, F = 2〉.
We would like to mention that we have used the parameters of 23Na conden-
sate for N-type Raman gain system as quoted in [50]. In chapter 3 and 4, the
susceptibility is normalized by dividing with atomic number density to give
the information about the single atom.
We obtained single localization peaks via phase shifts with slightly different
wavelengths of the corresponding standing-wave fields. This occurred due to
constructive and destructive interference between multiple localization peaks
for suitable choices of phase shifts. In order to find the required phase shifts
which give the best possible localization, one has to fix different parameters
and vary the the phase shift associated with the standing-wave driving fields
whereas the CPPD is calculated via emission and absorption spectrum. The
desired phase shifts can be obtained for the maximum emission or absorption
spectrum which corresponds to the localization of the atom.
In this thesis, the localization schemes are based on the interaction of the atom
with standing-wave field under RNA. In an experiment, Kunze, Dieckmann,
and Rempe [13] used rubidium atoms with velocity 2m/s to produce narrow
localization structures. They have reported that to fulfill the Raman-Nath con-
dition, the interaction time should be less than 7µs. Here we would like to men-
tion our proposed schemes can also be used for atoms which are fixed inside
the standing-wave fields.
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